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ABSTRACT

AThe deposition of thin films hes attracted much attention in recent
years, The merits of the various deposition techniques are largely
consequent upon the recguirements for the film., This Thesis describes
the technique of D.C. sputfering as it may be applied to the growth of
epitaxial thin films of metals and semicon&uﬁtéfs. A review of mucleation
theory and sputtering in general is given. .

The results presented herein are those of a structural study and

‘also, for semiconductor films, a study of gelvanomagnetic properties.
3

It is found that both metal and semiconductor films are epitaexial at
temperatures considerably lower fhan the temperature required for evepo-
rated epitaxial films. 'Increasing orientation is observed to occur for
ingreasing substrate temperature, increasing film thickness and decreasing
deposition rate. The effect is observed for growth.by both diode and
triode sputtering, but in the case of semiconducﬁoré, diode sputtering
appeafs to be less effective.

Since one of the Teatures of sputitering isvthat the ejected atoms
have kinetic energy of ~10 &V, it is thought thaf this may be responsible
Tor the observed epitaxy at lower temperatures. A computer calculation
of the arrival energy gt the_substrate as a function éf discharge gas
pressure is présented. This shows a rapid decline in the arrival energy
above 10_2 torr. A semi-quantitative nodel is presented in terms of the
arrival energy Being diséipated in the growing islands, the effect being‘
dependent upon island size. Tﬂ; results are also discussed in relation |
to modern nucleation theories.

The results of.the electrical study, made predbminantly On'germanium

filius, shows the golvanomagnetic properties to be considerably inferior



to those of the bulk meterial. It is demonstrated that the results are
due almost entirely to defects in the £ilm structure. The mean free

path of the charge carriers is found ‘to be of the same order as the

grain sizo. -
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CHAPIFR _I | | 9

INTRODUCTION

1.1  IHTRODUCTION

This Thesis describes the preparation and propertieé_of thin films of
metals and semiconductors b& the technique of sputtering. .The purpose of this
introductory chapter is to examine the need fof.thin films in fundamenfal and
applied terms, and to discuss briefly the various methods by which such films
maf be prepared. A historical survey of the evolution .of sputtering as a
techriique is included and the types of film which mz2y be-prepared by sputtering
are discussed. The experimental trends which determined the nature of the presg-—
entninvestigation are indicated and in the light of'these fhebaims of the thesis

are outlined.

l.2. THE DEVELOPMENT OF THIN FILM APPLICATIONS
The study of thin films pér se first became nebessary és a result of

their application to the physics of optics, e.g. lens blooming, towards'the
end of the last century; wavelengths{of’around'SOOOX require films of similer
dimensions to act as quarter-wave retarders, filters etc. 'Thére wgs.thus 2 need -
fbr the study of parameters controlling film growth and depositioh'so that films.
of the desired properties~§ould be obtained. | |

o From 2 jhysical'investigation viewpoinf, there was in the éarly part df.
this céntury,*much interest in the conduction proéess,.particularly in relatidn
to electron mean free path behaviour. If the cénducfor has one dimension
reduced to approximaﬁely the mean freenpath'(typicallyfVSOOR), such a study
bbecomes practicable. It was in this field that the dectrical properties of thin.

£ilms was first studied by J.J. Thompson (1901).



10
Practical requirements of modern technology have led to the need for

electrical coﬁponcnts'in the form of small iightweight devices. Thus there
hes emerged a'strong practical incentive for thorough investigations of the
proberties of thin films as é function of the many variables involved in their
preparation. In this new technology, application of thin films fallssinto two
main classes a) passive devices and b) active devices. The former class includes
resistors and capacitors. In fhese the magritude of both resistance and capac~
itance are inversely proportionél to'fhe thickness of the film. Theoreticaily
it is therefore possible to produce‘thin film paési?e devices of any required
characteristic simply by controlling the film thickness., In practice this is
of couise not so, and it is the reasons behind this not being so which form -
broadly the basié for the investigation of pessive thin films. The first films
deliberately prepafed as registors vere made by.Longden in 1900, bﬁt it was not
until ~V1950 that any commercial p:oduéts became évailable. The first reference
to the use of thin films in the manufacture of capacitors, at the turn of the
century, was not with respect to the dieiectrié_laygr, hut to the eiectrodes.
-Metalliseq paper ér plastic capacitors were thus conceived. The use of a |
deposited thin film dielectric was not achieved for another 50 years, one of
the main drawbacks to the_satisfactbfy developmeﬁt of the devices heing the
technical problems of achieving good vacuum.

Active devices brdadly span semiconducting materials; particularly éi
and Ge'suitably doped. The carrier transport action may bhe bipolar (curreﬁt
carriers holes and eilectrons) or unipolar (one tyée of carrier only). A
transistor made up.cf p-n junctions falls into the first category and it-wés‘to
this that thin film efforte were dirécted initially. Results‘we;elnot very
encouraging bedause of the need for good sgingle crystél growth so that mindrity‘ »
carriers do not rgpidly'recombine with the majofity cerriers. Techniques have |
therefore concentrated on the production.of single drystal films. The uwnipolar

action, however, does not rely upon single crystallinity and this has led to



much activity in the development of the field effect transistor. The firsi
device of such o kind prepared entire}y by vacuun evaporation Was by Weimer
in 1961. Nowzdays since the advent of integrated circuit techniques, it is
poséible to form an entire circuit on a single semiconductor substrzte by
suitable deposition of metal, semiconductor and insulating fiim. The heed to
.understand and control the pfbpertiés of these films is thus of parzmount
'importance.

A further type of film which camnot be strictly termed active or pzssive
is the mugnetic film. Since these are generally métallic (elemental or compound) vf
they lend themselves very readily to preparation by several of the methods des-
cribed ﬁelow, Magnetic devices in thinlfilm form are particularly useful in
cenputers where a largevamount of information is requiréd to be stored in as
© small a space a8 possible. A physical study of.magnetic‘prOPerties such as
cogrcbﬁﬁy, hysterisis etc. is thus fundamental.if an‘efficient'fast computer

store is reguired.

1.3, TﬁIN FILM DEPOSITION METHODS

The deposition of é thin film layer on a suitable .substrate relies upon
the meterial being in atomic ioﬁic or;molecular form. Thus a'technique_is only
Suitable for a given material if that meterial can be reduced to this fornm.
The techniques exist in fwo main clesses, physical and chemical. Iﬁto the
formeﬁ class fall evaporatioﬁ, sublimgtion and sputtering. The secqnd class
contains electro-'ahd electro~less depésition, thermal decdmposition from the

vapour phase, etc.

1.3.1. Physical Deposition

In order to obtain a thin film from a bulk material it is_necessary to
give sufficient energy %o the atomé‘in the material_for:them'to‘break away-froml
the'bulkra nface inio frgé space. Once in free space.they will condénse og é
cool cuxrface tb form a film, unless they are forced backlto the sourée,‘ Eefle

by back diffusion.: Hence the need for reduced pressure. The energy requiréd
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for the atoms to leave the surface may be imparted thermally by heating the

material (evaporation, sublimation) or by momentum transfer on impact with an

‘energeltic particle (sputtering). Whether a material can be deposited by

evaporation or not, depends on how much energy is required for dissociation end
upon the pressure just above the surface of the materiel, i.e. the proceecs is
vapour pressure dependent. 'Because of this, different mnterlals evaporate at
different rates for a given tenperature and/or pressure. Thus most alloys and
compounds ' do not form thin films with the same stoichiometry as the source
materiel. However, evaporation &oes have a very importént place in déposition
techniqueé because a) it is a very contazmination~free method, b) it relies
only upon the pro#isidn of sufficient heat, and foivmost materials,.a noderate
vacuﬁm of only ’”10’6tbrr is ieauired and c¢) it is often‘possible to0 overconme
the non-stoichiometry problem in alloy bJ suitable technlque, e.g. flash
evaporatloq, three-uemperauure method etc.

The.second process, that of sputtering, is not vapour pressure depéndent;
since it relles only upon the transfer of energy from a bomberding. particle to
a lattice atom, =The process will be discussed at greater length in Chapter 3,
At this stagé it is sufficient to say that virtually any material, elemental
or compound, metal or dielectric can. be snuttered uSLnn an anpronrlate technlque.
However, because 1t relﬁes upon the existence of a dense ion cloud or beam foxr
adequrte deposition rates, it has often been degcribed as a dlrﬁy hethod. Tﬁis L

description arose from = misconceived idea over the method of production of -

, the ions. Nowadeys, it is possible to deposit films'by'sﬁuttering under cond-

itions matching those of evaporation.

Becauge evaporation technigues ﬁere developed more rapidly‘than sputter-

~ing techniques, most applications‘involve evaporation rather than sputiering.

Thig is Jjustifiably so since the requirements for evaporation are genevally

simpler then for sputiering though sputiering does have other advantages wnich-

will be discussed in Section 1.k



1.3.2, Chomicul Deposition

| It is often p0351b1e to produce & layer of e torlal on a2 sultable
substrate by precipitation from a compound of that material. The compound.may
exist in solld, liquid @ gas fomm and the transfer of materisl may be ionic or
’atomic. The chemical techniques comnonly used are electro~ and electro-less.
‘deposition and vapour phase deposition, which includes disproportionztilon,
thermal decomposition and re&uotiqn or dxidation. The processes are somewhat
 1imited in that ngt 211 materials lend themselves to the prbqess;' They are
used nevertheless for thin £ilm preparation and are suverior to physical tech-
vn?ques in some cases. HOvaer, since these methods are not of dl”eCu :élevande
to the present work, they will not be discussed further. A recent and compléte

review of ¢hemical deposition techniques has been given by Cempbell (1958).

1.h. SPUTTERING
-1.#.1. Larly VWork:
The term Sputtering refers to the‘removdi_of atoms'from a'bulk surface
due to the bombardment of the surface'by energetié particles, usually ions.
I? wes first observed as = by-product of tle investigation of discharges in gases
“din 1852 by Grove, who noticed a metailic‘deposit on the walls of the discharge
tube, At the time it was consi@ered an inferesting nuisance and no attention
was. paid ©o ivs physlcal significance. < Wés not until 1877 that Wright again
observéd the deposition of a metal film during glow discharge experiments.
Wright's bbéervétion followed the insertion of & gold foil intec the discharge
in aa abben 1t to eliminate mefcuny vepour from the discharge he was stuldying.
Hevthen sawr that a gold film wes depositing on the wall of the discharge tube
and that the film was thickést néar-the negative Qnd of the foil. He reslised
~the signi f;cancc of this and was able toArepeat his experiments making the
negative electrode of the material he wished to deposit. Thus I» was able to
make qualitative and»substaﬁtially correct étatements regarding the relative

sputiering efficiency of different materials.
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The literature on ﬁhe subject then increased rapidly as thé simplicity
of the teohniqué was realized. A very moderzte vacuun (<10-'»2 torr, was reqﬁifed
plus a suitable high potential source such as an indugtion_coil. It was fhere-
fore within most workers' capabilities to set up an apparatus for the depcsition
§f £ilms by this technique., The feélly early work Va5 ¢onéerned with thé
interesting phenomenon of obtaining thin films and a long list of referenceé
dating from 1852 is given by Fruth (1932). The study of the’physicai-propertiés
of the films so produced was not so thoréughly carried out. The electrical
and magnetic properties were only earnestly investigated from.about 1925. The
effects observe@ were not so much peculiar to sputtered films as to thin films

in general. A review up fo 1938 is given by Lewis (1938).

. A1l the‘early sputtering work, prior to 1940, was carried out in a
glow dischérge environment: As will be discussea in Chapte: %, this‘results in
the mean free path for séuttered atoms and bomﬁarding ioné being rediced by
collision with free gas atoms_in the discharge. Tor accurate quantitative
studies of the sputtering-phenomenon, 2.2, sputtering.yield, this condition is
clearly unsatisfactory. It was shovm by von Hiépei (1926) that at a préssure
of 0.1 mm Hg and with a collector placed at the edge of The cathode fall the
back diffusion of material amounts to 90%. This effect is clesrly Shown in
Pig, i.l, which represents the resulﬁs of Gunfherschulze and Meyer (1932). .
(Results given in this form by Penney and Houbis, 1940.) The sputteriné yield
for positive ions (energy 5006V) is;plotted against the proiu&t pd, where p is
the gas pressure in mm Hg and @ is cathode-collector separation in cm.

Efforts tb overcome the effects of back diffusién’were initially
directed towards reducing the surface arca of the target electrode, e.g; by
. using a cylindrical wire. This was found to be unsatisfactory, however; on.
acconnt of geometrical differences in thé nature of the experimcnts.‘ The first
attempts to reduce the pressure in the system so that the yield aid not vary

wvith pd (see Pig.)l) were made by Guntherschulze and Heyer (1932) using a hot
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cathode. They found that the sputtering rate of silver by argon was constant
~at pressures below .01 mm Hg. 'Peﬁney and Houbis (1940) attempted to lower
the reéuired pressure for the discharge by employing an axial magnéﬁic field
with a normal giow discharge. The field wes coexial with a cylindrical
electrode arrangement. Its purpoée ves to inecrease the path leﬁgth of the
eleotfons, théreby increasihg the probabili%y of ionisation at lower pressures.
Their arrengement allowed operation at current densities asg high as ZOmA/th'
~and with such a current and a cathode fall of 500V, a sputiering rate of
3000 ﬁ/min. at 0.014 mm Hg could be achleved for copper bombarded by argon.
The major‘purpqse of their experimeﬁts however was to determine sputtering
yields for various materiasls as a fﬁnction of applied #oltége, gas pressurs
end current density. It is a feature of sputtering at 1ow‘pressures that
these three parameters can be separately-varied‘whereas‘in & glow diséha“ga
they are iﬁtérdependent.' Their results compared very favourably with those
obtained by Guntherschulze and Meyer.

A feature of eariy work was an attempt to establish {heblowest voltage
at which sputtering ogcurréd. An exéellent review of these early observalions
is given by Wehner (1955). Oliphant (1928) measured the sputtéring yield and
found that no sputtering occurred until fhe‘enefgy of the lons was at 1Qast
300—400.v01ts. The major difficulty encountered is ﬁhat‘near the threshold
the sputtering.yield is very lowr. Early'exPeriments were simply not sensifive
enough to detect the very.small changés which occurred. Also, the yileld is
not linear with energy, which precludes accurate extrapolation, Many tech-
niqués nave been evolved in an atvempt to esthablish a trué starting point,
including radio-tracers (Morgulis and Tishenko, 1956) and optical épectroscopy
(Stuart and Wehner, 1962). Such techniques have shown that the threshola
(~206V) was much less than originally determined. It is an interesting result
that the threshold is virtuallyrindgpendent of the relotive masses of . target
atorn and Bombarding ion, ‘Stuarf et 21 (1950) have shown that tho‘ﬁhreshold

energies are very similar to the displacement energles in solids.
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Following Penney and Moﬁbis (1940), it became very clear that investi-
. gations of the sputtering mechanism were unreliable'unless the pressure in -
the system could be reduced such that the mean free paths of the sputtered
atoms and the bombarding ibns were of the same order as_the interelectfode
dimensions. Thus emphasis after 1940 was on the design and operétion of' low
pressure sputtering systems purely as a means of studying the mechanisms of
sputtering. A stu&y.of'the resultanﬁ Pilms was not made to»any éxtent except
insofar as they represented a measure of the smattered mxterial. Wehner's
review of 1955 and also that by Keminsky (1965) give a very complete survey of
the work up %o the time of their publicetion.

The growth of thin films by'spuftering, alﬁhough known, was not given
serious éonsideration largely because it was thought to compare bad;y with
_evaporaﬁion as Tar as Tilm purity was concerned, . In'fact; where an inert
bomﬁarding gas is used, the only impurity problem arises from irnclusion of gas .
in the growingbfilm and not by chemical reaction with the f£ilm., The amount of
regétive,gas in the environment depends entirely upon tha'residual pressure of
the vacuum,system.as is the case for evaporation. The technigques used in

sputtering to overcome céntamination;will be discussed in Chapter 3.

1.4 TYPES OF ?ILM WHICH MAY BE DEPOSITED BY SPUTTERING

‘Generally;.there'is no exception to the type'qf material which mayhbei
deposited by sputtsriﬁg; given the right technique. Because the process is!'
bésically one of momentum trahsfer,between‘bombarding_iénband'targét aton,

:ﬁhere is no limitation dﬁe to vapbur pressure'etc.f Films of metals, insulators
and semiconduotérs can éherefore be produced and their éfoperﬁies reasonably
controlled by control of the dgposition parameters.: Historically, hétal films -
"were the first to'beiétudigd because of their lack of complexity, én& resiétivity,
'-sﬁpérconductivity, optical and magnetic properties were in&estigated. Since

1960. these investigstions have hardened in their intent and sputtering is ax
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viable a process as evaporation for the fofmation of superconducﬁing,(Fierichs,
1962) and magnetic (Franéoﬂbe aﬁd Woreika, 1961) films, particularly since
sﬁuttefing enables ailoj £ilms to be easily dep0sited.‘ InSulaiing £ilms mey
‘be preparcd by sputtering but not normally by the d.c. method. If the target
is an ihsulafor, charge effects ave such that iom bombardment stops aifter é
very.short:timo; tkcreby preventing sputtering. An a.c. mothod is therefore
employed in waich the target is made periodically positive and hegative. The
freguency is usually >100 KHz. This technique, lmown as R.F.}sputteriné{ was
used by Davidse and Naissel (1965) to deposit glass f£ilms. The technique is
har ever faifly recent and early work on sputtering insulating films was by
reactive sputtering. Deliberéte production of inéuiating Tilms by sputtering
was carried out inA1944‘by Jaﬁeff»(published in 1955). Bickley and Campbeli
(1962) deposited mized oxides by spuffering for capacitor application;.

The use of sputtering for the deposition o semiconductor films has
been one of slow devélopment,‘based again on the mistaken idea that the tech-
" nique is a dirty one. Several papers appearedfin<1962 which showed thab
epitaxial films of elemental and compound seﬁiconductors could be prepared by
sputtering (Francombe et al, 1962, Reizman éﬁd Basseches, 1962) though the

-alectrical properties of such films were not wvery good {oulton, 1962).

1.5. FACTORS LEADING TO THIS WORK

One of the many applicationé of thin films described in the earlier
section is in the.field of electronics. Certainly in the case of semiconductas
it is.an advgntage to have a singlé erystal £ilm dépositei on a suitable
substrate (e.g. for bipolar transiétors). The need Tor single crystal ﬁetal
layers is not so apparent except fdf cases in which certain properties are
anisotropic. However, the value in studying sputtered metal film lies in the
comparstive wealth of informnation regarding the growth of metal £ilms by

evaporation. The interest in epitaxy by sputtering was generated by Campbell



end Stirland (19645, They demonstrated that gold and silver deposited on
%o rocksalt by sputtering grew epitaxially at subsirate temperatures low in
comparison to evaporated filns. This fact, if applicable to the growth of
semiconductors, would enable epitgxial overlayers to be growm on substrates
which had been previously treated (e.g. diffusion prOCesses) at relatively
low ﬁemperatures, Other methods of deposition, for example vapour phase
deposition, require substraﬁe temperatures around_l,OOOOG for epitaxiesl
- growth., Such ; temperature would cause iarge diffusion gnd7alter the
characteristics of a pre~formed device. Because of the smell amount of
diffusion which would result at the low epifaxy temperature, any Junctions
formed between opposite typés of semiconductor woulé bé very sharp., This
~would enhance the hign frequancy characteristics of the'device.' A fu?ther
point in favour of sputéering as a deposition technique fér epitaxial semi-
ponductors is the obsérvation that compound‘films can bé'grown with the

gtoichiometry of the original source material‘(FranCOMbe et al, 1962),

1.6. QBINOTS OF THIS WORK
-The above benefits which woﬁid result if eﬁitéxial semicbnductor.
£ilms could be grown at low temperatures formed the bésis on which the resent
work was fduﬁ&ed. vSince the observations hed beenllargely quali%ative, it
,Awas considered necessary to investiggte the growth of films Dby sputtériﬁg,
particularly the phenomenon of epitaxy, asra function of deposition and
diséharge parameters. |
Thus the ains of the exﬁerimental work'were set up as follows:
a) To investigate the phenomenoﬁ of sputtering iﬁsofar as it may be
applied to the controlled growth of thin films.
b) To investigate the experimental parameters influencing the growth

of such films.



a)

To exemine the epitaxial growth in partvicular in an attempt to

egtablish the reasons for epitaxy occurring atv lower temperatures

for sputtering than for evaporation.

To establish eny correlation between the growth of semiconductor

films by sputtering and their- galvanomazgnetic properties.

20
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NUCLEATION AND GROWTH

2.1. INTRODUCTION

Fundamental to any physical study of thin film phenonena is the need
for a detailed pictﬁre of the way a film develops. It is therefore necessary
to study the stages of development of a film on a substrate fromrééro thick-
neés (i.e. bare substrate) up to a finite, continuous, thickness of film.
From such a study it should be possible to predict the natuge and behéviour
of a film according to the parametgrs‘known to be controlling its érdwth. ItA
is the:efore the purposerf this chapter to discuséAthe nucleation ahd growth
of films in the light pf various theoretiéal models. Partiéular attention is
to be given to the effect sputtered atoms may have ﬁn the nucleation and growth

process.

2.2. HIGH ENERGY ELECTRON.DIFFRACTION

By far the most widely used tool for examination of thin films is that
of high energy electron diffraction. The resolution of a good wéll aiigned '
electron microscope is w52 which enables films to be studied, if nof from their
verj initial stages, thén cértainly from their embrydniC, stage. There has
been much'literature on the methods and applicationvof electron diffy%étion-
to thin films and‘there are geveral‘peviews of note (Stirland 1966 ahd Pashley

1965). The most common techniques are briefly described below :

a) Bright field electron microscopy, in which the field of view of the spec-
imen is a function of the magnification.. Typical magnification is
20—40,000X. - The image contrast depends upon the extent of diffraction

by the specimen. .



b)

c)

a)
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Scelected arca diffraction. In this case an aperture is placed in the
back focal plane of the projector lens so as to limit the area of spec-
imen contributing to the final image. The magnification is reduced to
zero so that the final image 1s composed of an electron distributioﬁ
according to the crystallinity of the specimen. A single crystal spec—
imen will diffract electrons from diécrete sets of planes to form a

spot pattern on the final screen znalogous to the reciprocal lattice of

the specimen. If the specimen is composed of randomly orientefl crystall- .

ites (i.e. it is polycrystalline) a ring pattern will result. Amorphous

filme (or polycrystallime films with grain size (53) will yield a diff-
se ring pattern. The use of celected area diffraction also reduces the

effect of lens aberration on the final image.

Dark fieldlelectron microscopy in which an objective apertufe is placéd
S0 as to isolate a single diffraction spot. Then only thoée parts of the‘
film which have contributed to that spot will appear bright on the mag-
nified image,rsince the difect beam hés been'exéluded-by the‘aperture.
It is thus a reversal'in contrast to‘fhe technique described in (a).

The technique is useful for esﬁablishing twinning planes in?crystals.

General area diffraction in which no aperture is used. All parts of the

film on which the electron beam is incident contribute to the diffraction
pettern. This method allows examination of a much larger area of film
but has the disad#antage that induced damage (e.g. tearing or folding

of the film during the-mounting procedure) also contributes to the final

image.

A1l the above techniques are for transmission microscopy and diffraction

in which the beam passes through the film.
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It is limited theréforevby the thickness of film which may be examined.

The limitations for metal and semiconductor film is~20008. Tt also requires
that the film be removed Ifrom its substrate. In most cases this is not poss-

ible without the denger of film damage. However, a reflection technique can

be employed, known as;glaﬁcing ;ngle.electron diffraction,‘in which the elect
rén beam is "reflected“ from the first few lattice plames of the film which |
éct like a reflection diffraction grating. The fechnique is more dependent
upon Surface topography tﬁan the transmission technique but is more accurate
for lattice parameter determination because there are no lenses between spec-
imen and image recordér (photographic plafe) to distgrt the diffracted Seam
paths. In the work described in this Thesis, all the above techniques have

been used.

2.3. STAGES IN THIN FILM GROWTH

On a semi-quantitative basis it is relevant here to. discuss what happens

when a clean substraie area is exposed to a flux of atoms from any source.

Consider a substrate made up Qﬁva series of buiidiﬁg blocks of unit cell
size. If the surfaée is.perfect, it is flat on an atomic scale. In éractice
it is imperfect and so has a topography resembling that of'Fig. 2.1. The
incident atom flux can be defined in terms of the supersaturation. This is
given by P/Pe where P is the equivalent vapour pressure at a given surface
temﬁerature that would give the observed imp -ingement flux and Pe is the therﬁe
odynamic equilibrium value cé:residhding to bulk condensate at the same temp-
erature. If P {Pe there is a net vaporisation from the surface, i.e. conden-
sation cannot occur. Assuming the supérsaturation is greater than unity, there
will be a2 net gain of adatoms to the surface. If the atom is thermally accomm-

odated, it equilibrates with the substrate lattice and its mobility on the

surface will be determined by the surface temperature. There are now thrce
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possible mechanisms governing the behaviour of the adatom :

a) It may meet another single adatom fo_form a pair. Such a pair will be
less mobile than a single atom and will also require a greater energy
from tﬁefsubstrate in order to re evaporate, i.e. it is more stablec.

It is possible, however, for it to break up and if ﬁill require an amount

of encrgy equivalent to the pair-bonding energy for this to occur.

b)  The aton may receive sufficient energy to de~sorb, or re-evaporate,
provided it does not meet another atom or group of atoms. The probability
of re-evaporation is an exponential . function of the desorption energy

and theAtemperature.A This will be discussed more fully later.

c) ‘The atom‘may meet a group of atoms, to form a stable group, or it may
| meet.an already stable group. It is then absorbéd and will lead to
growth of the film. As in (a) there is a finite probability of it break-
ing away froﬁ the group, probortional to the ﬁumber of bonds it has wifh:.

- the group.

These three mechanisms are represented thematically-by Fig. 2.2. The

statistics and kinetics governing the process are considered in a later section.

The growth of a thin film depends upon mechaniém (c) éboveu. Ad@ition of -
atoﬁs to a group of atoms at a rate fastef than the rate of atoms leaving the
.group, leads to an increase in size of the group. By the time they become large
encugh for resolution by an electron microscope ( ~10% diametef) they consist
of "~10 atoms and are therefore very stzble. These groups or islands have &z
-sﬁbStrate surface density.determined by the kinetics of the system as discussed
‘below. For glven conditions they will grow‘in size evenfually touching. When
this occﬁrs'coalescence takes‘place which will reduce the number density of
the islands but the average island size will increase. As the growth proceeds
the coalescence .occurs between lafgcr and larger islands and the film becomes

continuous but for the fissures between thé coalesced areas. Eventually the
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fissures closz up so ma%erial lands in them and on the existihg film, to form

'; continuous layer of deposit. A series of micrographs depicting the procéss o
of film Gevelopment is,shswn in Fig. 2.3. which is for increasing thickness of

' deposit at constant rate (0.053/5) and substrate temperature (300°C). It wiil
be noticed from thé nicrographs tﬁat, from an early_sfage, the’film consists 

of many defects (twins and stacking faults - e;idenf froﬁ the diffractios con-
trast). The oriéin of these faults msy be the subsfrate, but is also because
the substrate/deposit lattice match is not perfect, so that strain exists in

the overiayer whicﬁ may be relieved by way of defects. Alsp, due to the 1éttice
mismatch, when islands coalesce thsre‘is most 1ikely'to be a fault at the island

interface

2.4.  ADSORPTION

In z discussion of the fofmation of one phase from another, the inter-
'action”betﬁeen molecules or atoms in the phases is of extreme importance. Sinpe
all such phase transformations are energy activated, the magnitude of the
interaction détermines the conditions for_the transformation. It is necessary
to know therefore the various types of force which can exist between atoms or:
molecules and the relative importance of these forces in controlling the

behaviour of the atoms.

The forces between atoms on the surface and atoms in the surface, though
commonly known as adsorption forces, are of the saue nature exactly as any
other interatomic forces. The forcés fall into tﬁo'classes characterised by
the magnitude of the binding energy. So-called chenical boﬁding or shemisofp-
tion is cheracterised by a binding energy of the order of 1-10eV per Sond.
Physisorption on the other hand is characterised by a binding energy of the

order of 0.5¢V per bond.
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2.4.1. Chemisorption

Ioniec, covaICﬂt and metallic bonds are all examples of chemisorption.
Euch involves the giving up or sharing of an eleciron o or with other atoms
or molecules. Gengfally nearest neighbour interaction is insufficient to‘
account for the large forées which in the case of ionic bonds decrease as the
square of the distance. Of the three typesAof bonding in this class, ionic
bonding is by far the strongest, ranging from 5-10eV per bond. Covalent bondé
are approximately 1l-6eV and typical of substances with such bonding are
diamond; silicon and germanium. Often bonds are of partial ionic and partial
covalent = nature, e.g. $i0, HCl. Metallic bonds (typically 1-3eV per bond)
are more.difficult to analyse due to the considerable effect which can result -

from the ion core, in addition to the interaction of conduction electrons.

2.4.2. Physisorption

Physisorption does'not rely on eiectron exchange iﬁ any way end is there-~
~ fore weakgr in nature than thé'chemisorption bord. It may be regarded as
interaction betweén dipoles, which are a result of'the éharge distribution
within a molecule. Some molecules possess a permanent dipole moment and are
termed polar molecules, water or aceﬁéne are examples. The magﬁitude of the
iﬁteraction of dipoles is dependent upon whether one or both of the molécules

is polar. There are thus three main types of interaction:

a)  Polar-polar, in which the binding energy is~5 kcal/mole (leV £ 23k cal/
mole). The dipoles will tend to lineé up end to end and are a function of

temperature since increased temperature destroys the alignment.

b) Polar-non‘po ar, in Uhlch for instance ‘a neutral atom of opherlcal
SJmmctry has its SJmmetry dlstorted by an electric field so that a resultant
dipole moment is induced, i.e. it becomes polarised. The electric field may
be produced by a neighbouring dipole. TFor a flat ‘surface the effect is small
(typica llJ 0.5 kcal/mole) but it may become important at discontinuities in

the surface, e.g. steps or dislocations.
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¢) Non polar - non polar. These non-polar forces are the most ilmportant
of the attractive forces. The interzction can be likened to the case of two
simple harmonic oscillators such that the mutual polarisation of zdatom and
substrate atom dipoles fluctuate in phase giving rise to an atiraction. The

magnitude of the interaction for a dielectric substrate is ~10kcal/mole.

o The types of interacfion zbove are coﬁmonly known as Van der Yazl inter-
vactibnso For the case of nonrpélar forces the nost favourable position for an
adatom is when it is as close to aé many highly polarisable sub-atoms as poss-
ible, e.g. at the centre of a cube face. TFor polar forces, generally import-
ant only on ionic substrates, adsorption is favoured directly above one type
of sub-ztom. Since the adétom is generally not ;oniéed’the former intefaction

is expected to predominate. '

If the adatom is ionised, additional interaction can occur. A dielectric
substrate may be polarised by an ad-ion. In addition, if the substrate is
~ionic then normal Coulomb intefaction between charges will exist. This will
-be particﬁlarly important at irregularities in the surface and as a result
-defects will act as stfongly preferred sites for ad-ions. TFor a metal sub-

strate image charges are also important.

It would be expected from the above considerations that neutral and
charged atoms would be adsorbed at different sites. This may be important in
the sputtering enviromment. For a real surface there will exist many defects
which will modify the interaction. More important perhaps, particﬁlarly vhen
.applied to consideratiorsof epitaxy, the strain energy introduced by inter-
facial misfit between substrate and adsorbate may well swamp the normal inter-

action energy and therefore dominate the adsorption.

The review of nucleation theory which follows deals only with physisorp-
tion. As a first approximation the case of chemisorption might be expected to

modify the theories only in the magnitude of the surface diffusion energy. -
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2.5, NUCLEATION THEORIES '

2.5.%. Introductidn

As has already béen intimated'fhe fundamental phenomenon on which nuc-
1ea£ion theory rests is that of single atom adsofption_ohio a substrate and
the subsequent behaviour of that atom in relation to the substrate and to
other atoms; The theories attempt to analyse statistiéally fhe dependence‘of
the behaviour on such terms.as .impingément rate, subst;ate temperature, etc.

It is useful at.this stége to define certain terms, particularly with regard

to energy.

P
—

Fa = Adsorption Energy Eb = Cohesive Energy Ed = Surface Diffusibn Energy.

If the cubstrate is copsidered as a peLlodlc potentlal surface then iv may be

: represented by the erergy dlagram shown below :

Adsbrptipn Energy
Surface Diffusion
Energy

Ea
Ed

i

Single atom adéorétion wés first analytically considered by Frenkel (1923).‘ "
He made tﬁo fundamental aosumpt¢ons vhich formed the basis of later theoretlcal
work on)the problem. These were (a) when an atom strikes the substrate it w1lll‘.
'stay on the surfacé for a'certain'time before re-evaporating, dependent upon
fhévsurféce temperature, and (b) during its time on the surface it will move
about and ﬁay ﬁollide with another atom to form a pair which is mbre‘stablé,

i.e. it has a much longer lifetime on the surface. Frenkel derived expressions

for the lifctimes of singles and pairs as :



U
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7, = EOR T
’2,1 ’{'9 0 Ea/kT
T, = FlexpEa + Eb

kT

.1 11,1 1 A
where To = /DO, and T° = T/, Vo and Y~ are characteristic frequencies for

the system and are constants (nalola). He then considered the equilibrium

condition when én (the rate of increase of nuclei) is zero, and derived a
dt . _ '
critical "impingement rate. Above this critical rate, nucleation will occur

vhile below it there is no net condensation. The critical rate is given by :

Re = 1 exp - (Ba + Ed)

E(YQ'?b kT
and the slope of 1lu Rc against l/T gives (Ba + E4) which was typically 5-6

kcal/holée

A criticism of this early work was that (a) it only considered the equil-
ibriumbconditions; (v) no aécount was taken of arrival temperature, (c) a
unigue value of Ea WasAaésumed and (d) critical states of pairs and above were
notrconsidebed. Of these four points, only (d) has been re—eﬁaminedrsince the

other three present guite complex problems analytically.

2¢5.2. ModexnConcepts

The basis of modem theories of nucleation_stems’from the eariier work
* of Volmer and Weben (1925) and Becker and Doering-(l935) who ponsidered.the
homogeneous nucleation in the vapour phase from a suéerlsaturated ?apour, in
which clusters grew by the addition of single atoms or moleculesY By consi@er-
ing the change in the free énergj of a cluster.as a function of its size, the
Gibbs free energy of formation of a cluster may be found. If one assumes these
‘clusters to possess macroscopic thermodynamic properties. then, if O"is the
surface free energy per unit arca and éGV is'the difference in volume free
-energy between cluster and vapour per unitvvolume,~the free energy of formation

is given by :

¢ = 4Wr0 o+ kv P Ag - 21
— 3

Surface Volume
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ZLGV is given by - (kT) 1n P/Pe - 2.1(a)
‘ (i)

Qo= molecular volume and P/Pe = supersaturation ratio as defined in an earlier
section of this chapter. This expression is obtained by integration of the
expreséion dGV = Vdp where V = kT. A plot of equation 2.l. gives a curve

;u?
of the form

AG

T -
(Tnis curve assumes only a single maximum of Ac).

Initially, addition of a single atom will increase the free energy. VWhen
r=r* AGis a maximum and further addition decreases the free energy. Max-

imising AG glves

r¥ = =200 . - . 2.2(a)

A%
and  AG* = 16T 67 - 2.2(0)
3 ZGVZ ) v

The critical radius r* thus defines the critical cluster‘size,‘whésé free
‘energy will decrease on the zddition of one or more atoms, or by the removal
of an z2tom, i.e. »it has equal chance of growth and decay. A cluster one atom
greater than the critical size has a greater ?robability of growth than of
decay and is termed the smallest stable cluster.. |

. A natural extension of the theory of homogeneous nucleation is to_that of
heterogeheous nucleation, of which atoms étriking a substrate is an e#ample.
The problem has been approaéhed in'two ways, the capillarity model and the
atomistic medel. The former model based on the application of macroscopic -
thermodyneumic properties to microscopic clusters (Hirth and Pound, 1963%) has

now been largely discounted and will not be discussed.
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2.5.2.1. Atomistic Model

By considering the adsorpition o% single atoms onto a su?face énd ﬁﬁeir
subsequent diffusion about the surface, Walton et al (1963) considered a max-
imum density of nuclei determined by the capture areca of stable clust&fs;

Vhen these areas o&erlap, further fresh nucleztion stops. Since the diffusion

distance is defined as :

d = AO' exp Ea-Ed
2T

a knowledge of the saturation nucleation density should yield values of

(Ea-Ed).

4

4 general expression for the nucleation rate is obtained from the

expression’ : ‘
J.* = w- : N- . - . Jje
i i* TiF 23

where Ji* = formation rate of stable nuclei from critical nuclei of i* atoms

,

Ni* is the number of critical nuclei and is given by considering the
equilibrium between growth and decay of the critical nucleus. By a step-by-

step method, an equation is obtained, viz:

.' * .
N., = No (p)* exp. EBy* - 2.k,
* () =
or kT
i# '
vhere Ei*' = ZE: Ziﬁﬁi1 = energy required to break bond with cluster.
i=1 - :

(o, , 35 the rate at which single atoms join a critical nucleus and is given by
cohsidering'the capture area of a criticel nucleus. This is giveﬂ by Ma/No
where Ma = V Ta = no. of sites covered by a siﬁgle atom travelling>at velocity
'V gites per second in its lifétime;T%.secondé, and No = total‘ngmber of avai;-

azble sites. The total capture rate is thus R, Ma/No where R'= arrivél rate.

Thus : Ji* = R Ma HNyx
. o

* ) ’ .
= R ( BRI exp (B, + (i+1) Ea - Bd) /xT -

NoYo

o
<
o



This defines J in terms of fraction of fotzl sites filled per unit area per
sccond. Walton et al considered the conditions under which i* increased from
unity. At high supersaturation (hizh rate or low substrate temperature) i* =1

so that substituting in the above equation :

gy = R(R_J)  exp. (28-Bd) - - 2.6(a)
(NoVo) 17
and i ez
I, = R(R )% exp. (Ep+3Ba-2d) - 2.6(b)
= NoVo - kT co

Since Waltons equations give J in terms of absolute numbers atom cap-
tured it is neccssary to multiply the above equations by - the total number of

sites, No.

For cach value of i*, one cah plot 1n J as a function of l/f and obtain
straight lines of varying slope according to the energy terms. At the points
of intersection of the various 1ines; a temperature 1ls defined at which the
critical nucleus changes from one value of i* tp another. The value of the

transition temperature is obtained by equating the nucleation rates. Thus :

~(Ep+Ea)

'Tl-Z = = Temperature at which critical nucleus goes
k In Cﬁ/NoVo) ~from i* = 1 to i* = 2 ,
T2~3 = ~(E34+Ea - BE2) - = Temperature at which critical nucleus goes

T'f—'(_—f'— 3 R L T
X in R/NoVo) from i 2 to i 3

Walton et al (1963) attempts to define the epitaxial temperature on the
basis of the size of the smallest stable cluster'(ﬁhich is ons atom larger
than the critical pucleus). T2~3 corrésponds to a change in the smallest stzable
cluster from % atoms to 4 atoms, the & atoms arranging themselves in a sguare

erray. Both a trianguler array of 3 atoms and a square array of 4 atoms have



a minimum of two bonds per atom, and the type which predominates at a given .
temperature will depend on the energies E3 and E2. If E3 = 2E2 then T
= Té~3 so that triangles will not exist. Only if E

1-2

5 >2E, will the triangular

configuration occur. Walton has shown E3 to be ~2.1leV for siiver_on rocksalt

which is greater than 2E_ since Ea'is équivéient to the dissociation energy of

2

a pair (& 0.7:7 ;neordin

hY my

te Walton). Thus it is to be expected that decreas-

03

ing (he . opersaiuraiicus would result in the film going from polycfystalline
to{111> predominated to {O0l? predominated to‘<001> perfeét orientation for

silver or gold on rocksalt. By putting T T = 7 Walton predicts an

1-2 = "2-3 T "1-3
(001> epitaxial temperature given by

Te £ _I:_)E + Ba
k 1n (NoVo)
R

- Putting in'suitable values gives a‘temperature of 250°C for silver on rock-
salt, in fair agreement with observed values. It should be emphasised,that

the ébove iéyWaitons 6wn_in£erpréfation and may ndﬁ'be coffect. it.is included
here as it formed the basis df the atomistic theory application to nucleation

and epitaxy.

Lewis (1967) has carried the atomistic model a stage further and has
‘calculated the saturation island density under various conditions by defining

the catchment areas of a critical nucleus.

In the case of initially incomplete condensation, the supersaturation
is such that the formation of pairs is unlikely and most atoms complete their
1ifetime on the surface and re-evaporate. The:formation rate of stable nuclei

is given by :

dns = R.Ma x Ni* x (1 - Ns Ma) - 2.7.
at - » ( No)
RS n "7
eritical nucl fresh nucl

rate . area
The final saturation demsity is given by :

N ' | | ﬁ.—‘ “ - LROX )
S = o exp - (B ) /e 28
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The instantaneous condensation coefficient x = 3 so that condensation
s :
is complete when s = Ns. fis rises cxnonentlally towards Ns with time con-

stant Ne/J, ., J., being given by equation 2.5 (i.e. function of R).

When condensation is’complete from the onset, then the formation of
pairs is hlghly probable and there are an average two atoms in the catchment

Ma/

are No. By deflnlng another area Mc 51tes, such that there is one single

atom for every Mc 51tes, Mc 2 No Ma/R,r

1

. . 7 C
_ (o) 2kT

If Ns is plotted as a function of ;/T from equations 2.8. and 2.9. the curve

shown in Fig. 2.4. will result.

There will be a family of curves for differeht values of Ea, Ed and R.

It will be noted that only the complete condensation curve is rate-dependent.

The above condition for éomplete condensation is for i* = 1 so that a
pair is stable. At lower supersaturations i* = 2 or more. For i* = 2, Ns

is given by :

1, L
o2 /3 , | .
(% No) E +28 2 10,
Ns = (Yo2) eXp . g

This will result in a lower saturation density than would be expected if i*
were equal to one. Similarly if i* = 3 an even lower Ns would result.

The fact that Ns is of the order of 10™! en2 even in the case of epit-

- , , 1

axial films and gives en intercept of the order (R No)? suggests that i* = 1.
‘ - (Vo)

If this is so, it tends to contradlct Waltons proposal that i* = 3 for epitaxy.

There is thus some disagreement as to what exactlj constitutes epitaxial

nucleation. A stable cluster of two atoms certainly has directional properties

and may well therefore influence the subsequent orientation of the nucleus.

It is equally probable that while several orientations may nucleate, ‘the’

| growth of all but one orientation may be supressed because it involves the
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energy Eg. (Lewis and Campbell,1967) : |
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addition of atoms into energetically unfavourzble positions. Thus there
may be locel free energy minima asscociated with certain vaiues of i*,
which would lead %o stability of that particular "phase". This is the
basis of the Alternate Path Theory (Halpern, 1967). The theory allows
for ;1usters of size i to exist in various states, j. The‘proportion of
-clusters in a given state, jl, will depend upon the substrate temperature
~and the rate of impingement.

- Thus the resultant orientation depends upon‘the‘number.of stable
clusters in a given state.

The conclusion of the various nucleatién approaches seems to be that,
aithough usefulbin defining the initial stages éf formaﬁion of huclei and
.fof determining the various enérgy terms, they do not adequately predict
the phenomenon of epitaxy. Epitdxial nucleation as such is im?ossible
to examine experimentally since at the highest resolution.of observation, ‘.

clusters . . . (contd. overleaf) -
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alrecady comprise ~10 atoms, i.c. growth has occurred. Growth concepts are
therefore equally important, e.g. recrystallisation, coalescence, rates of

growth etc.

A furthér basic assumption.qf the above theories isvthat_atoms are . |
thermally accommodated by fhe substrate or they are lost completely. According
to Cabrera's condition (1959) an atom is thermally accommodated if its arrival
energy is <25Ea. Ea is typically ~O.bkeV so that thermal éccommodation occurs
if the arrivalvenérgy of the atom is <10eV. However, in sputtering, as will:
be showﬁ in the next chapter, the arriﬁing atoms may have energies well-in ”
excess of this>andjso do not sétisfy the above coﬁdition; It is a Criticism 
of.the atomistic médel that no‘accouﬁt is'faken of the arrival energy. While
this may bé satigfactory forvfilms gfown by evaporation it will éertainly n§t
be so for sputtered films. It is possible, therefére, for a sputtered atom
to retain a fair ahount of its energy and.virtﬁally Ybounce" about the surface.
By so doing, it may move large distances}and contribute large amounts of
energy tO'an& island with thch it-comes info contact. Thus e?itéxy,may be
improﬁed by virtue of this energy. The possible effect of large amounts of

energy transfer is discussed in Chapter 6.

Thus, while nucleation theory provides useful guide-lines in interpret-
ation of results obtained under conditions of relatively low super-saturation -
and complete thermal accommodation, its overall predictions must be treated

with caution.

2¢5.3. Active-Site Theory

This theory bridges the gap between nucleation concepts and growth con-

cepts. The foliowing is based on the theory proposed by Rhodin et al (1968),
It has been shown by Stirland (1967) and others that electronirradiation
enhances epitaxy at lower substrate temperatures. It has also been found that

considerable orientation changes occur during the growth stages (Pashley 1965),
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Matthews 1965, Layton and Campbell 1966.) The understanding of surface ‘feat-

“ures in the substrate is therefore of extreme importance.

‘The role of point defects in the substrate sufface has been largelj
ignored because of the difficulties in preparing well defined defect surfaces.
The effect of elcctronnrradlatlon is found to favour growth of (100) orient-
atlon of Au and Ag on cleavcd NaCl, though no specific interpretation is
given. Palmberg et al (1967) found that epitaxy of Au and Ag depended crit-
ically on exposure of the substrate surface to an electron beam prior to
deposition. They concluded that the incident electrons formed nucieation
sites leading to epitaxial growth which were thermally steble only below 80°¢c.
‘ It was observed that these sites could be stabilised by deposiﬁion of a monolayer .
of metal. Thick epitaxial layers could be subsequently‘grown at‘substfates‘

from 70°C to 300°C.

Quantitative measurements of the ions and atoms emitted frem NaCl andA

: KCi surfaces as a result of electronjrradiation at BOOOC have been made by
Pa;mberg and Rhodin (1968). Tt was concluded thet'ﬁ end Cl were removed from
'KCL stoichiometrically above 100°C. Below lOOOC, bulk defects are essentially
immobile and vacuum desorption occurs oniy if’the initial interaction is
'localised neér the surface. Occurrence of Cl depletion through ejection of
‘negative Cl ions led to the suggestion that production ef Ci vacancies at the
surface is the predominant effect below‘~BO°C. Single ion vacancies appear

to anneal out at about 5000.

Rhodin observed that epitaxial growth of Ag on KC1 was net obtained un-
less the vacuuﬁ cleaved surfacevwasifradiated prior to deposition. The cond-
itions are summarised in Fig. 2.5; The 450 line corfesponds.to equivalent
nucleation and growth temperatures. The plot indicates that iﬁ Rhodin's

experiments, except for a very narrow range, two stage deposition is required.
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Rhodins results indicate therefore that surface vacancies are effective
in promoting the (lOO) orientation for nuclei formed at substrate temperatures
up to the thermal annealing limit of 80°C. Simultancous imadiation and depos-

ition sugpests that surface vacancies are effective in nucleating epitaxial

films at much higher substrate teﬁperatures.

Application of these results to sputtering, must take into acoount the
existence of the discharge and also the existence of high energy sputtered
paéticles, as‘discussed in the next chapter. It is possible that both phen-
omena, charged particles and energetic particles,could produce surface vac-
ancies of defects which act_ds preferrea sites for epitaxial growth, partic-
ularly in the case of ionic;vsubstrates. :In the experi@ents described later,
nucleation and growth were carried out at the same substrate tempefature.
This theory is applicable to the sihgle témperature deposition when epitaxy
. is observed for low growth temperatures. On figuré 2.5 thié would result in the

dotted line énd shaded epitaxial area. It is shown in Chapter 5 that epitaxy
clearly does occur at low substrate temperatures. - Howgver, as Rhﬁdin bointé
~out, the experiﬁental parameters such as surface contamination and impurity

atoms may also influence epitaxy through their effect on surface structure.

2.6.  POST-NUCLEATION GROWTH CONCEPTS

Matthews and Allinson,,(1963), :—'.have observed an orientation depend-
ence on thicknesé for gold evaporated oﬁto rocksalt. They discuss this in
terms of a rotation of the smaller crystallites and Bassett (1960) has act-
ually observed that isolated silver nuclel will change their orimtation on
the substrate. VMatthews and Allinson show that large crystallites arc better
aligned than small ones .and they contend that when two crystallites coglesce,
the smallér of the two will rotate to parallel or twin rglationship to the
laréer; There will be an increase in alignment in the film, though they did

not discuss th the initial nuclei should appear to be oriented. Matthews -
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(1965) has shown that it is possiBle for certain orieﬁtations to grow pref-
‘erentially by virtue of their lower surfaée free energies. The actual crysfal'
planes that are preferred and their rates of growth will depend on the energet-
ics of the éystem and the presence of impurities may play a considerable part.
Indeed, Matthews finds that whén there are no ééntaﬁinants present the (100)
orientation predominates. He concludes that since the observed island density
is an order of magnituderlowér for clean_subsfrétes, thek(lll) nucleus has time
"to grow larger than the {100) nucleus so that on coalescence the (111) type

orientation overwhelms the ( 100).

Another model of re-orientation rather than on relative growth rates, is
based on the van der Merwe's misfit concept (1§66) for the case éf an f.c.c.
material growing on a close-packed‘substrate plane (e.g. (111) plane fof
foec.c.) he éélculétes that the energy peér atom as a fundtion of iattice mis-

fit shows a maximum. For nearest neighbour interaction this meximum is at

10%. Above a lattice misfit of 14% the coherent state is unstable.

From this model, van def‘Merwe proposed that for a lattice misfit of
»9% therenergy per atom will be reduced by the film growing in a bolycrystalline
manner. For misfits <9% the deposit lattice would prefer to exisf in a strained
but oriented state. »In an.attempt to reduce the.total strain the film'will
contain dislocations; Matthews (1961) work on PbS films or PbSe‘for which

the misfit is ¢ 9% shows a dislocation density in agreement with this proposal.

The'suggested zpplication to &n observed increasevin'orientafion with
thickness is in terms of an increase in the lattice spaéing of the initial
deposit consisting of only a few atoms. 7If, in the case of growth on a (111)
surface,'the lattice spaéing in the crystallite is M9% the crystallite will
tend to be randomly oriented. As the crystallite size increases the lattice

parameter becomes the same as the bulk value and the crystallite will prefer
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to be strained but oriented. To apply the concept to growth of on (100)
faces, the energy per atom versus misfit curve must be determined in order
to ascertain whether the change in lattice spacing would be sufficient to

change the low energy state from g random to an oriented structure.

The coacepts of growth have been thoroughly re§iewed by‘Matthews (1967)
who has considered the orientation of nuclel and th¢ changes iﬁ‘orientation
with subsequent growth. An importantistage in the growth sequence'is thét of
coaleécénce, mentioned briefly above. When islands coalesce a ligquid-like
behaviour has been observed (Baésett 1960),. particularly if one or both of the
coalescing ﬁuclei is very small. This results from the rqpid diffusion of
- atoms over #he surfaces 6f nuclei. . The stage at which coalesqence'pccurs
depends-uéon contact angle, deposition raté,'substrate-ﬁemperature, contam~

ination and the substrate surface nature.

A fezture of‘COalescencg is the formation of 1att§ce defects, e.g.
stackiﬁg'faﬁlts; twins. This may be dﬁe to a variety of mechanisms but one
of the major factors is‘the misfit‘bétween the lattice 6f substrate and
deposit. As a result the lattice of ‘one nucleﬁs may be separated from the
lattice of another by a noﬁ—lattice vector sp,that on coalescence the dis—
plapement may be taken up by a stacking fault. These have béen directly
observed by Jacobs et al (1966) studying the roiré fringe pattern produced
by deposition of gold on molybdenite. Dislocationgrmay also. result at
coalescence due to the fact that lattices of adjacent nuclei are often rotated  .
relative to éne another. Twins are commonly found in deposited films, part-~
icularly f.c.c. metals on NaCl. The twinning planes are the four (111) planes
inclined to the (001) déposit= plane. Several mechanisms have,been‘proposed
to explain their formation. lIn a way similar to that for the formation of
stacking faults, it has been suggested that tﬁins are formed to accommodate

‘the displacement between coalescing nuclei. Hall and Thompson (1961) suggest
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that for hexagonal substrates there is equal probability of the formation

of nuclci having a twin relationship (double positioning) while on a cubic
substrate lattice the origin of-twins is due to imperfect condensation on the
(111) facets of the growing»nuclei. -Another mechaﬁism suggested by Matthevs
and Allinson (1963) is that of rotation mentioned above. If coalescing nuclei
are nearly in twin relationship before coalescence then the formation of a

twin is highly probable.

Coalescence need not necessarily lead toha-faulted island. Depending
upon the relative sizes of the coalescing nuclei, the subsequent aligﬁment
of the deposit méy be more or less perfect. Pashley and Stowell (1963). have
observed that the.coaleséence of doubly pqsitioned gold on molybdeRite may be
followed by the migration of the twin boundary‘through the smaller of the
© two nuclei, the driviné force being the decrease in boundary area and hence._

energy.



CHAPTER ITIT
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SPUTTERING: THEORY & APPLICATIONS

INTRODUCTION

In the introductory chapter some of the historicel back-

‘ground to ‘the evaluation of.sputtering as ‘e technique for film

deposition was discussed.v It is now a Widely used process and
there is mmuch research into the further, perhaps more efficient,
techniques to vhich it may be applied. In 6rder to comprehend

fully the process; hbwever, it is necessary to investigate the

mechanisms by which material is released from the bombarded

target. It is the purpose of this chapter therefore to review

-the various theories in the light of experimental obsexrvation

and to:discuss their relevance to thin film deposition. A dis-

cuséion of the various sputtering‘methods vhich may be employed

precedes the theoretical section énd includes a gemi-theoretical
analysie of the atténuétion—by—collision of sputtered etoms

between source and substrate.
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SPUTTERTHG METIODS

Since'sputtering is the ejection of atoms’from a material by
icn bombzrdment, the most important single factor to consider is
the production of the ions. Thg method used is to éome extent
dependent upon the bressure wvnich can be tolerated in the exper-
iment. The simplest method is that of the glow discharge (diode
sputtering) in which ioﬁs are generzted in the space betweén 2n .
anode and a cathode and these bombard the cathode which is made of

the material to be sputtered. The second method is to produce the

ions independently of the region in which the sputtering ie to take

place and then to direct them onto the taxgeﬁ (1ow pressure and

triode sputtering).

3.2.1 Glow Discharge

" The glow discharge is onlj part of the processes which can
occur when z potential is applied between two electrodes in
é reduced atmosphere: The type of discharge which‘occurs
depends upon a) the‘pressure, b) applied voltage, and
¢) electrode geomefry. A schématic of the voltage-current
diécharge ié'seen in Fig. 3.1 and from this it is seen that
the discharge of interest is that in the milliamp renge.

The discharge is maintained by electrons produced at the
cathode as a result.of'positive.ion bombardment. Fig. 3.2-
shows fhe potential as a funcﬁion of the posiﬁion in the
dischaxge, ét pressures‘ﬂllogp. The ex&étence of a glow
depends upon the energy of the electrons. Electrons leaving

the cathode accumulate and neutralize positive ions, whose

excitation energy decay gives rise to the cathode glow.
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Ilectrons pﬁssing through the Crookes dark space guin

energy in doing‘so and may excite or ionise neut;al atoms.
The subsequent'deqay of these atoms gives rise to the neg-
ative glow, the sharp boundary to which is due to the back-
diffusion of low'gne:gy electrons frcm the essentially Tield
free negative glow region. The opposite (znode) end of the
“negative glpw is due to elec%rons giving up sufficient
energy only to excite the neutral ztoms. In the Faraday
dark space, the electrons slowly regain energy which is sub-
sequently given up by ionisation in the positive column.

The positive column acts as an effective anode to the dis-
charge, if being a conducting path between the anode and the
negative glow region. As the pressure ié reduged, the‘pos-
itive column shrinks and the Crookes daxrk space expands. - The
discharge is extinguished vien the enode enfers the dark .
spacé.- In most sputtering experiments carried out at ~ l9u
the voltage is sugh that the anode is somewhere in the neg-
ative glow region_and the potential between the elégtrodes

is elmost equal to fhe cathode fall.

From Fig. 3.1 it is noted that thére are qu régions in the
-glow discharge part of the spectrum. In the normal cathode
fall region, the cathode fall is independent of-current and
p%essure. Cniy‘a portion of the cathode is covered by the,f
discharge and the cﬁrrenf density remzins constant. In the

. abnormal fall region, the'whole of the cathode is covered, S0
that the current density increases with current.. As will be
geen iater, the rate of_éjection of materizl from the cathode
is proportional to the current density so that variation cf
rate is effected by altering the current denéity. Hence,

the abnormal glow discharge is the method used almost universf

ally for thin £ilm deposition.
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The width of the cathode, ox Crookes, dafk-space is a
funetion of the gas pressure and the epplied potentizal.
It also depends upon the secondary electron emission co-

efficient for the ion-target combination used.

- For argon the product of prossure and derk space thickness

iz ~v 0.3 terecm. If the electrodes are placed such that the :
pressure x separation product is less than the above figure,
+the applied voltage has to be increased to restore the glow.
Enpirically it'is found that the following relations hold

between pressure, voltzge and current changes :

(di e (ai _ Ve 'ggy ' ; _ve
(av)p ~ (ap)v ~ dp)i
ine. i - f (p.V) |

Of these only préssure'and voitage'are independently vari-
able, and the current is directly p20portiohal to any chahge ‘

in these parameters.

The glow discharge systém'is very useful in that it can be
very easily set.up.  From the quantifative point of view,

' ‘hovever, it has severgl inherént'disadvantages. Because of
the relatively high gas pressure the mean'free path of ioms,
‘M, is emall compared to the length of the cathode fall
region. Hence any collisions occuring within this region
will result in & spread in the enexgy and angle of incidence
of the bombarding ions. PFor instance, 1t has been shown
(von Hippel, 1926) that for a cabhode fall of 1,000V at
pressures ﬂ/lng, the averége ion energy is onl& 250e7,
There is also the poasibility pf-the fomihtion.éf multiply

charged ions.
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A second disadvantage is due to the shortvmean free path of
the spuﬁtered. atoms, }\S. Since ’\S <d, the source-sﬁbstz;afe
separation, éollisions inevitably occur and, at higher
pressures the provlem of transport becomes one of diffusion.
Von Hippelv (1926b) hes calculated that for a plemer arrange—
ment vith the collector at the edge of the cathode fall, 90%
of the spuftered.material diffuses back to the cathode when -
the pressure is 109u. However this assumes ﬁhe'atoms 10 have
oﬁlyvthermal velocitiesbon leaving the target, which is cer-

tainly not the case.

Alfhough these drgwbagks aré'ﬁbt tpo prohibifive when dealiﬁg
with the generdl production of'thin fi1ms, they are certainiy .
‘ important when‘deposifing epitaxial or controlledeproperty‘
filmsf' Alsé, if any quanfitative data on the Sputtefing Pro-
cess is réquiréd; the dischargé process should be as well
defined as possible. The three most‘importént,characterising ‘
properties of the sputtering process are (1) Yield,

(2) Angular distribution and (3) Energy distribution of

the sputteredvatoms, None of these can be measured unless .
‘a)'the engle, energy and mass of the incident ions is fairly
well defined and b)-ﬁhere is no iﬁferference with the sput-
tered material between source and collector. At lO'-3 tQﬁ@
the meaﬁ'free p2th of thermal gas atoms is a5 cm. - compar-
able to the apparatus dimensions. However, the lowest press-
ure at which the dischaﬁge can be maintained and still have
'ﬁuseful ion current densities is,v;u, at which pressure the;e.
are still sufficiexnt collisions to mzke anaiysis of the p:o¥

cess tnreliable. The system is also limited to higher ion
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encrgies, since the voltage required to maintain the dis-
charge is ~300V., In order, therefore, to extend invest-
igation to lower chergies and pressures, an assisted dis-

charge is reguired.

Asaigted Low Pressure Discharge

Because of the limitation$ given above, it is necessary to

provide a source of ionising radiation. This may be R.F.

radiation, but the more common technique is to employ a
thermal source of electrons. Then, although the probabf
ility of ionisation per electron is low, the number of events
is still usefuliy high. The sduice acts as a'cathode‘and a
guitably placed collector plate as the.anode. A schematic
of a typical aséemblj is shown in Pig. 3.3. The‘purpose of
the magnetic field, arranged parallel tq the electron beam,‘
is to conzirain thé electrons so that rgcombination at the
walls of the apparatus is reduced. The target is introduced
es a Langmuir-type probe info the system and extracts ions
from the plasma. This mode of sputtering is dften termed

triode sputtering. The pressure at which the system can be

operated depends upon the electron current and the megnetic

field. For an electron current of ~s3A,'an ion current of
fVlmA/cmz cen be extracted from a discharge at 1077 toprwith
a magnetic field of ~M200e., If the field is increased to 4000e

4

the system -can be used at 10 ' tom or lower..

Wehner (1962) used a slightly different method of prbduéing
the ions. lig used a modifiéd mercury-pool rectifier in
which electrons generated by a low pressure mercury arc drawn

through = gfid into the sputtering chamber, held at a lower
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pressure. The system was very useful bubt had the dis-
advantage that mercury vapour was always present in the

sputtering chamber.

In the case of an R.T'. induced plasne, ionisation.cén bé
prpduced at low pressures withgut the need for electrodes
within the disqharge chamber. ‘A simple set-up is showvm in

. Fige 3.4 in which the'ions'aré produced'in the u?per portion
and diffuse into the lower portion where the targét and sub-
strate are situzted. Géwehn (1962) hzs obtaiﬁéd deposition
rates of:ulﬁ/sec. with a target ﬁoltage of -500V and pbwer
input to R.F. field of 200V. TheVOPGrating fﬁequency was

n10 Me/s and pressure 2.107° tom

Bearing in mind the requirements listed in the previous sect-
ioh, the édvéntages of low‘préésure sputtering are several.
Provided the size of the terget is lerge compared to the width
" of the Lengmuir sheath sﬁrréunding it the ions impinge on the
.taréet aiong the normal. The width of the Langmuirlsheath is
given by the "three halvés” power law; (Langmuir and Tonks
1929). o

4 i s
@@ . 4B gzquv-/z

95 (m

vhere Eo = permittivity of free space.

J = current density

Vv = probe potential (:elafive to plasma)

%- = charge-mags ratio of ion.
For argdn gas, singly ilonised. 3

2 . _9 v
i~ = 8.75 % 10 3‘ Clt.

The variation of d with j at various voltages is shown in
Pig. 3.5. At 1,500 and O.lmh/cm® which are typical velues

employed in the present experiments thz sheath thickness is

2.4 cm which is much less than the mean free path at 10"3 tonr
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(~#5 em. for thermel gas atoms, grecier for fast moving
ions). Thus eny ions finding %hemselves on the edge of the
gheath will be rapidly accelerated across the gap with very
1ittle chance of collision. Hence.anglé of ineidence eifecis
are reduced. Alsq, the incident ions will be monoenergetic
by the same reasoning, though their precise energy will depend

upon the potential difference between the anode and the edge
of the Langmuir sheath. Since the discharge can be maintained
at -lower voltages than is necegsary for glow discharges, th

probability of multiple ionisation is much reduced.

-

The advantage from the thin film growthlpoint of vievw iz that
there are very few collisions between sputtered atoms and

gas particles so.that the_enercy ofvthe sputtered afoﬁs is
largely-conserved; also deposition is né longer diffusion -
rate dépendent. One would therefore expect higher deposition
: rateé. A.furfher feature is that the probability of gas atom
inclusion in the growing filwm is much reduced by operating

at lower pressures. Contamination can be reduced in glow
discharge spuﬁtering by spescial techniques as.will be des-

cribed below.

4 furthefllow pregsure technique‘ﬁow gaining wider use
experimentally is %o employ &n external ion sourcéiand to
direct the ions at the target. Early‘attempts‘to use ion
sources were dogred by space charge.comﬁlications, but with
the development of high deﬁéity‘sources these difficulties .
have beén overcome. JIon current densities in excess of

lmA/me have been achieved.
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5.2.3.2

Biag Sputtering (Meissel & Schaible, 1965)

Tn this technique, the groving f£ilm is bizssed neg-

"atively with respect to the anode. The film is con-

sequently subjected to continucus ion bombardment
during its growth. The ion énergy is sufficient to
sputter contaminents from the surface and hence clean
the surface (the groving film is also sputtered to

some extent, so that the overall deposition rate is

. less than that without bies). This technique is

espeéially ugefil when depositing in reactive gases

and Maissel and Schaible have shown the effects on -

‘ glow discharge sputtered tantalum films. The

resistivity of such films was found to be much
reduced when a bias of {-100V was applied, even when

oxygen was deliberately introduced as a conteminant.

Assymetric gndva.c. sputtering is similar to bias
sputtering. In this case the‘role of anode and
caﬁhode is periodically reversed so that in one hzlf
cycle the target is bombarded while in the ofher
haif—cycle'the film is bombarded. A net trensfer

of material from cathode to substrate is ensured by
having a larger current flowing to the target during
its hegdtiye half-cycle.

%

Getter Sputtering (Theurei & HBeuser, 1965)

This technique employs a stainless steel secbndary
enclogsure within the main vacuum sysbtem. The elect-
réde systen within the secondexry enclosure is essent-
ielly 2 diode arrangenment. The diécharge gas is

admitted to the main’ chamber but only finds its way



into the innexr chaﬁber by devious means th:ough
joints end other small inlets. The gas thus leaks
into the chamber éﬁd because of {the d.c. field inside
a gettering sction is set up end impurity atoms are
gettered onto the walls of the chamber. In this way,
Theurer énd Hauser have been gble to redude the
partial pressure of oxygen at the substrate to as
low as lO—lo teoreven with a nominal vacuum of 10
tonﬁ Thus the deposited filmg have a very low
impurity content without having gone to the trouble
of obfaining a vexry low residual gas pressure. How-
ever, not 21l gases and térget matefials makev
efficient getter combinations, and also the tech-
nique is restricted to diode sputterin@. It has

therefore not been used to any great advaniage.

In conciusion the'type of sysfeﬁ o@e usesrdépends
véry largely upon fhe results one wishes to obtain..
For fundamental studies of the sputtering process
fhe independent ion source is the most appropriate
since it affords close control-of %he various para-
neters. For thin film growth, however,:the méthod
used depends ﬁpon the quaiity and type of film

regquired.

SPUTTERING CHARACTERISTICS

Defore discussing the theories of sputtering, it is rele-
vant to consider the experimental results of the study of the
phenomenon. Much of the reliable early studies of +the sputtering

process wag carried out by Wehner (see review by Welmer, 1955)
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and his co-workers using the mercury-pool cathode arrangeumsnt

described above. The psrameters waich lend themselves %o invesi-

ipation are the following :

2)  Angle of inéidence'of the borbarding iéns.
b) nergy of the bombarding ions.

c) ‘Mass of the bombagding ions.

a) Ton current density.

c) Cas pressure.

£) Target material and surface naiure.

g) Target Tgmperature

h) Anguler distribubion ofAsputtgréd'atbms.
i) Veiociﬁy distribution of 3puttered‘atoﬁs;
3) Charge carried by spubttered atoms.

Charactérisation of a‘given sputtering experiment is most conven-
‘iently in térms of the'sputtering yield.‘ This is defined as the

. humber bfratoms ejecfed for each ion incident on thé target. The
variafionAOf the ' yield as = funcfidn of the parameters a-g above
gives information on the sputtering process. The pgrameters (h) and
(1) are also dependenf upon (a) - (g) and also characterise the pro-
cess. .They are élso influential on the groﬁth of thin films result -

ing from sputtering.

3.3.1 Angle of Tncidence

Theveffect of angle of incidence was first observed by Fetz
(1942) who found that for a given material the sputtering

yield increased with increased incidence angle avay from the

normal zs shown in Fig. 3.6. Welmer (1960) has studied sév-

eral metals bombarded by Hz' and A” ions. He has found that

. . . + % T .
the effect is greater for Hg' Tthan for A" , i.e. &her

incident ion mass. Generally, also the effect for a glven
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lattice type becomes larger with decreasing atomic weignt, |
though ot higher energies (45keV) this is found not to be
true. At low energy it is foun tnat those materials with

the highest yield show the least angular effeet and vice-

versa.

The effect of angle of incidencé is obgerved in both poly-
crystallinq and single crysﬁél'targa%s, though in the latver
it is modified by the lattice arrangement. Sputtering theory
does not satisfactorily accounf for the efiect, bub Martynenko
(1966) has attempted to formulate a theory for the case of
single crystals based upon multiple collisions of ions wifh

atoms in the crystal.

Tncident Ion Energy

The effect of ion energy has been extensively studied and may

be subdivided intc two ranges 0-1 keV and 1-60 keV.

The object of the low enérgy invesﬁigatiqns has been to ést—
ablish the threshold energy; below which there is.ho ejection
of atqms fromithe‘ﬁarget. Workers using the'glov discharge
found that M = a (V - Vo) where M = mass of mageiial depoéife&
on a cgllector, V = applied potentiai and a and Vo aré con—.
stants, Vo being the threshold voltage. Careful meagurenent
of the ﬁhresﬁold.using microbalance or radio—fracer tech~

niques has shown the value to be similar for many different

ion-atom combinations. Typically it lies in the range

10-40eV. However, the rate of increase of yield with in-
creasing ion energy above the threshold shows marked diff-
erences. Xoedan (1959) =nd Wehner & Medicus (1954) find

that the yiecld (8) varies as I° at low energies ( £100eV).
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becoming linear at higher cenewgies ( >100eV). According
0 the model chosen to explein the process at low energics,

4
. .- . o dis 2
various authors predict a yield dependence of B |, B or F

i
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)
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each of which fits certain systems (Keminsky 1965). It
does not seem possible, therefore, to predict a general

behaviour.

At higher ion energies, >1lkeV, the variation of yield with

energy is more predictable. In generai, thé yield increases
with increasing mass of ion end increasing energy, reaching
a saturation value at very high energies. The saturation

value is loﬁer for lighter ions. The magnitude of the yield

is found to increase as the d-shell fills within a given

.period of the periodic table, so that Cu, Ag and Au heve the
highest values. Curves showing the yield for varicus metals

as a function of ion energy are given in Fig. 3.7.

When the incident ion or target atom is only weakly screened,

i.e. low atomic number or very high ion energy, the lon-

~-atom collisions are no longer hard sphere and it is not poss-

ible to -predict readily the sputtering behaviour.

Ton Current Density and Gas Pressure

The dependence 6f the sputtering yield on ion curren%»density‘
has beenlfoqnd to be zero, (Almén & Bruce, 1961), prqvided

the effecfs of secondary eclectron emission are taken into
account and the target is very cleon. This latter aspect of
cleanliness can also account for the sometimes observed var-
ietion of yield with gas pressure. The effect is due to the
contanination of the target surfacé py adsorbed layers oi gés
atoms, which have to be removed before the true yield mzy be

attained.
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Tarset Temperature

- The effect that temperature has on the yield has been studied

-

in detail by Nelson (1965) for several ion/étom.combinations.
He hag shown that there is a steady increase in yield with

‘ s O o
temperature above.a critical temperature (/800 K.for Ag and

Au). Below this temperature the yield does not vary.

Target Structure

The crysitallographic orientation of the target plays a con-
siderable part in sputtéring. -It»has been found without
exception that a single crysfal ta:get ejectﬁlétoms along
certain preferred crystallograpaic di:ectioné.'ifhese are the

close packed directions in the crystal. For a polycrystalline

target, which is a collection of small randomly orientated

single crystallites, the affect is smeared out to give a
random ejection with uniform yield in all directions (negleci-
ing angle of incidence effects). This is discussed at greater

length»below.b.

Charme Carried by Sputtered Atoms
There has been little quantitative analysis of the sputtered
particles with regard to species and charge carried. Honig

(1958) has'attempted such e study using & mass spectrometer'

and has found that no less than 65 different species were

ejected from o silver target bombarded by xenon at 300V,

many of which carried positive charge. However, he found

“that only approximsiely L% of all sputtexed particles carried

©. cherge. The energy of the ionised particles is found to be
of the same order as that of the neutral atoms, though

Kistemaker and Snoek (1962) detected particles with much

higher energy (nyseveral keV) vhen ion bombarding at lO-lSkeV.
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fnmolar Distribution of Snuttered Atoms

This topic has received much attention but the total expzr-
Pl -

imental evidence for polycrystalline targets is somewhat
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confliqtiﬁg. For thermal evaporaﬁion.from a ¥Inudse
source a cosine disteibution of atoms wéuld result and exper;‘
iménts onYSPuttering havebbeen concentrated on'the proof or '
otherwise of such a distribution. Earlylresults_df Seeliger
aad Sommermeyer (1§55) indicated a cosine distribuﬂion,
indepepdent of angle of incidence of the ions. Howeﬁer,
Wehner et al (1960) gsubsequently showed this not to be true
apd observed an under—cpsine distribution (i.e. greater
.proportion of particles ejected parallel to substraté) for
low energy bombardment. Experiments at higher ion energies
showed a traznsition from.under—cosine to 6ver—cosine distri-
bution.

For single crystal targets, hovever, the situsiion is far

different. As mentioned previously, preferential sputtering

is found to occur along the close‘packed directions, <110>
and <1007 in fcc materials. If 2 collector is placed so as

to pick up the spuitered atoms then a characteristic ejection

pattern for the target is obbained. The pattern is found nou

e #ary very much with angle of incidence of the ions, but

is dependent on the index of the bombarded surface. A
schemetic of the ejection pattern from a (100) and a (1il)
plane in an fcec crysfal is shown in.Fig. 3.8. This phenomenoﬁ
has been extensively studicd (for example by Koedam (1959),
Anderson and Wehner (15960), felson,and Thompson (1961) for a
variefy of conditions of ion energﬁ; targét plane, ion and
target species and in all cases a characteristic distributioﬁ
results. |

The interpretation of the variocus ejection patterns and ﬁheir

-

chenges 17ith ion energy has been largely based upon channel-
S : .

Cdng end {ocusing mechonioms within the crystel. This is






mentioned in greater detail below.

Inerey Distribution of Sputfered Atoms

The mean energy of sputtered atoms has been invesﬁigated 5Y,
various authors using different techniques. ‘Wehne; (15560)
emplbyed 2 torsion belance and determined the forces ezertéd
or a collector. IHe found the mean energy'ﬁ t0 be A/3.6eV for
300eV Hg& ions bombarding a copper target. Kopitzki (1961)
h@s made a gtudy Qf a large nﬁmber pf netals 5ombarded by |
3546V Xe© ions. He found a pefiodicity'in'ﬁ similar to that
-in the periodic tablé of the elements.b Almén and Bruce

(1961) have studied bombardment of polycrystalline silver
wifh At ions end they have showm %hat the mean velocity in
the direction normél to the target is 7.1 x 105‘ Cm/sec.
(equivalent to=~6eV).

The study of the iistribution bf energy has been carried out
in detail by Stuart (1962) at low.energiés ( ¢1xeV) znd by
Thompeon (1967) at high energy (n;45kéV). Both methods are
based upon time of flight measurements. The significant
. point to emerge from.all the measurements of energy of the
spu téréd particles is that the pealk energy of ejecfion can
. be several orders of magﬁiﬁude higher than the energy of
evéporated atons. Im fact for an incident ion energy of only
- 600eV, copper bombarded @y Hgﬁ ions can have ejection energies
in excess of 306V.. A plot of the energy distrivution for |
such a gystem is shown in Fig. 5.9. Thompson (1967) has
observed ejection energies up to 1000eV for high bombardment
energy. Stuart (1962) found that the mean energy of ejéction |
increased with ion energy, though the most‘probable value did

not alter very wuch within the range of his investigation
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(150 - GOOeV). Tie deOPdPnC@ upon angle of incidence wes

For the case of single crystal tarsets, both Stuart and

-l

Thompson found increased energy of ejection along ccrt

crysiallogrophic Qirections, thougn the greatest energy was

not necessarily

ENERGY

- o

alon the close-packed dlreCuions. or

4%keV bombardment of golid, Thompson found meximum ejection

E along the €100 (93.56V) followed by the <121> and the

{1105. He explains his results on the basis of a) random
ascades, b) focussing, c) cnwnnell:mb and d) thermal
evaporation.

Although a knowledsze of the energy di istribution of atoms
leaving the target is of fundamental importance when con-

sidering the mechanisms of sputtering, the point of interest

-~

>

as far gs thin film growth is concerned is the energy of the
sputtered atoms on arrival at the substrate. The nex t
sectlon is devoted to such a discussion in terms of the

arrival energy relative to a thermal beam.

OF ARRIVAL CONSIDERATIONS

It has been shown in the previous section by reference to

several authors that the energy of ejection of sputt ered atoms is

significantly higher than that of evaporated atoms.  In an invest-

:

igation of the differences between dep ition by sputtering and

evaporation it is of interest to know the relative energy of atoms

. 4

-on arrival at the "u ate. Because of possible collisions between

sputtercd auoms and gos atoms or ions, the enersgy distribution of

the sputiered atoms may be modified. Clearly this is a function of

Fal

the pgas préssure for o given geometry. For the resulis to be of



65
interest from an enejgy viewpoint, we require to kmow what prosoxt-
ion of the sputtered aioms errive at the subsirate with an enersy
‘significantly greater than that of thermally'evaporaﬁed atoms. IFor
atoms having énérgy comparable to thermally evaporated atoms, the
depositioﬁ will be fundamentally'the_same as it is in evaporation
(considerine'enefgy only); An energy -distribution for silver eVaPQ
orated from an oﬁen source at lBOQOK we will assume is Haxwellia*
vith a most probable velocity of #3 x lO4 cm/sec. Experimenial

4

evidence for Maxwellian distributions from eveaporation sources has

been given for potassium and thzllium by Miller and Kusch (1955).
A very smell number will have velocities above 1 x 105 cm/sec.
(>0.01%). On this basis the following calculation has been directed
at establiskhing fhe numbers of sputtered atoms that arrive at the

substrate with velocities above 1 x»lO5 cm/sec. For silver, this is

equivalent to an energy of ~0.6eV.

Ls mentioned in a previous section, sputtered atoms are
ejected in ell directions from & polycrysﬁalline target and & nezr
cosine spatial distribution exists. For ease of calculation however
only those travelling normally away from the target have been con-
sidered and it assumed that all colliding target atoms continue in -
a forward direction following coilision. Velocity distributions
for ejection normally from a polycrystalline target have been given
by Stuart (1962) for the case of Cu bombarded with Hg* at energies
ﬁp to 600éV,‘ Their curves ave approximately Maxwellian (see‘Fig.
5.9) but with a higa enevgy teil; the most probable velocity is
3.5 % 10° cm/seé. (Mean velocity ~4 x 10° cm/sec.) In the absence
~of velocity data‘for éilvér bombarded with argon at 3keV (as
enployed in our diode sputtering experimen%s) this vélocity digtri-

bution has been employed. Certainly there appears to be little



chanpe in most probable velocity with bombarding energy up to

600cY (Stuart 1962) and it seems probable that it will not vazry
appreciably up to 3keV. The hign erergy tail is certainly 1eﬁgthened
but Almen and Bruce (1951a) working at 45keV show that the mean
_vglocity in the direction nvrmzl %o the target i= T.1 x 105'cm/sec.

. Pl '
indicating that relatively few atoms carry very;high energy. There
is thus no large rise in the most probeble velocity with bombarding
energy and it is therefore felt éhat the use of thé Stuart and
WVekmer (1962) distribution can give useful information which will

be not too far from the actusl distribution behaviour.

The following calculations are for a parallel platekeleetrode
system in vhich sputtered atoms leave one plate (the'target)vand
travel towards the opposite plate. It is therefore based on a diode
sputfering Systen in whichbthe region between the plates is occupled
by gﬁs ions trgvelling towards the target, electrons traveiling
tovards the anode, and gas atoms. Under the conditions of the diode
sputtering eiperiments described in chapter 4, the highest ion
current density employedwas ﬂle;uA/cmZ which correséonds to an ion
impingement rate of w5 x 1014 ions/cm2/sec. The numbér of ions per

9

unit volume assuming a velocity eguivalent to lkeV is &5 x 10 ions/

cc. For a'gas at EOOOK’ the number of ﬁéleéules per wnit volume is
NS = 10%% en™, so the rztio of atoms to ions-is ~MO? L.
Collisions between sputtered atoms and discharge gas ions canvtheré—
fore be neglected. Collisione between sputtered atoms ahd electrons
would have virtually no effect a) because the relative masses are
go different and b) because the particles would be moving in the
game direction as %he electrons.

’

-~

To =implify the calculation, the gas is assumed to be szitation-
ary. This is a reaconable assumption since, for a Maxwellian dist-

. A S _ 1
ribution only 0.0l% of the molecules have V>3V vhere V = 4 x 10°

‘ B . |
cm/sec. vhereas the sputtered atoms have V around 4 x 107 cm/sec.



If the spubiered atoms have #elociﬁies approaching that of the
gtoms, then the stationory gas assumption breaks down. However, it
has already been decided to ignore sputtered atoms with velocities
below L = 105 c./sec., go the stationsry gas approximation remains

-

. s -
vlgiac uOry.

zas

Ter the purposes'of.cémputation, let the intef—electrode
gpace be considered as beiﬁg mzde up of n slabs of unit cross—
sectionzl area, each of ithickness &x arrayed one behind the other.
If. there are N gag atoms per unit volume tﬁen each slab containsg W.ox
atoms which will ﬁresent an area N.Sx .q to the* impingeing bean,
where q‘is the collision crossésection. The total gollision arece
A presented by n slabs is then given oy the binomial eﬁp ession

A= 1 - {l~1¢5xa)

Thus the number of impingeing atoms which pass through without

colliéion is equal to the "free space" area, (1l-A). The error in
(l-ﬁ) depends upon the value of n. For an interelectrode separa{ion
of 10 cm divided into 100 slabs, at o gas pressure 1077 tory, the
exror in caleuleting (1-A) is 6.5%. The error is proyortional to
1/n, so that for 500 slabé the error is iny 1.5%. The error is due

to the assumption regarding the numbers of atoms lying behind onc

ther in the same slab.

‘},Since we are interested in those pzriicles with final veloc-
ities 31 x 105 cm/sec., Tegardless of what happens on the way to the
substrate, it is possible for some particles to make moxre than one
collision and still have a final velocity >1 1‘105 cm/sec; Some
may mzke as many as 10 co lizions before their veloéity falls below
‘the 1owerﬁlimit. It is therefore neces sary ﬁo consi ef.collisionsl
in each slé , whence the larger fraction of atoms will continue

with the ssme velocity and a small fraction will set out with a



velocity modified by the collision within the slaé. It the’fractn
ion of atoms which h&ve had collislons is plotted as & function of
n, a set of curves 1s obtdined whose ghape and starting points
depend upon the velocity on entering the slab and the posi#ion of

the slab in which collision occurred.

Since the collision cross-section is a function of velocity
this must also be teken into account. TFrom thermal beam scattering,
°/5 6 '
¢ varles as V , assuming r = variation of potentlial with distance
Rothe et al 1959). Assuming this law, end if & velue for the
[ 2
. . On 1
collision dismeter et 0°C is taken 2z % (Dy + DZ)’ where D; and
D2 are the molecular diameters of Ag and A respectively, the value

of q¢ ag a function of velocity may be calculated.

The average fractional energy loss per collision,

. 1—:,]

s DY a
molecule is given by Cravath (1930) for the case of two gases with
Maxwellian distributions corresponding to itemperaturs T, and T2

‘respectively

T-2 R -

whexre Ml’ MQ are the masges of the colliding particles.

For the case of sputtered silver in argon, Tl<ﬁT and

2
E:&4O.5 hence the average fractional velocity loss by a silver

. 1 - \
particle iz ~/if2. . .

A computer progremme was therefore written to calculate th
: _ : . ‘ N 5
fraction of atoms erriving at the substrate with velocities *1 x 10
cr/sec. using the curve given by Stuart and Wehner (1962) as a start-
ing distribution. .The results of the computation are given in
Pig. 3.10 for various gas pressures end a target substrate sevaration

a s . - . - - -16 2
of 10 cm. divided into 500 slabs. A value of 33.5 x 10 cm



NUMBER OF PARTICLES WIiTH VELOCITY V - ARBITRARY SCALE

1o

100

90 |—

-80

70

60

- 50

40

30

FI1G.3.10 :
‘ CALCULATED VELOCITY DISTRIBUTION OF SILVER ATOMS .
ARRIVING AT THE SUBSTRATE FOR VARIOUS ARGON GAS PRESSURES.

(CATHODE SUBSTRATE' SPACING ~10CM )

__INITIAL DISTRIBUT

. | |
0 51 52 53 54 55 56 57T 58 59 60 &l

B Lo, (verociy)

73

e 4 4 e




',’I'I?,
- , . . o) .
vas asssumed Lor the collision cross section, measured et 00, i.e.

i /!' o 1. » .
a2 relative velocity of 4.10™ cm/scc; The fraction of atoms arriving.

at the

v

ubstrate with velocities above 1 x 10° cm/sec. may be cal-

culated from the integrated areas of the distributions.

The regults indicate thatit at a pressure of 1 x 10—2 torz, li%
of ali particles which set out with velocities > x lOs‘cm/sec.
arrive at the substrate with velocities greater than.this'valueq
Fig. 5.11 shows how the percentagss change with gas pressure, for &
cathode-substrate spacing of 10 cm. The curves can be applied for
other spacings provided the pressure-distance product remains the
samé. These figures represent maximum values since it has been
assumed that all par%icles continue in a forward direction following

collision, i.e. no back-diffusion.

There is thue a significanf_difference in errival energy

: .~ s IS . g s =2 .
between sputtered atoms and evaporated atoms, even at 10 .~ torr.

AL 1077 Ttorr and below, the differcnce is even more marked. Thic
difference may influence the growth behavicur in various ways which
will be discussed in chapter 6. If the energy of arrival is import-
ant one would certainly expact a difference between evaporated film

growth, sputtered f£ilm growth'at'lo—z'torr (diode spubtering) and

sputtered £ilm growth at 1072 torr and below (triode sputtering).

¥Yhile the above results have been obtained for Ag in A, the
same curves may be applied for other systems provided the collision

cross-section is not widely different. For instance for Ge,

a = 31,9 x 10'16

£

2 . ' o
em” calculated from % (Dl + Dz)_at 0°C, so the

above curves will be only sligatly altered.
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THEORIES OF SPUTTERING

Torly models for the souttering phenomenon were Lounded on

the belief that the energetic ion beam produced a molten zone from

wnich ‘thermal evaporation toolr place. From the point of view of

increased yield with increasing ion energy, such a theory was
accepteble. FHowever more sophisvicated exnor*ments of the Types
described in section33 proved such a theory to be false. For

example, the effect of angle of incidence, the non-existence of a

true cosine distribution izw for ejected poxrticles and the sometimes

obgerved decrease in yield with energy could not possible be explained
on an evaporation basis. The final proof of the falsity of the model

was the previously discussed ejection energy of the sputtered mater-
i . : 2 , o

ial which corresponded to a source temperature of ~500007K.

Thompson (1967) however has invoked a thermal eveporation process

to explein a low energy part of their distribution cvxves.

Current sputtering models are based cn collision processes

“within the cxystal with o trensfer of momenitum initially from ion

to atom and then‘from atom to atom. There ave three types of poss-—
ible interaction dependent upon the lon enexgy. 1) Rutherford
collisions at very high energy (interaction through Coulombic
repulsion of nuclear char vs), 2) Weakly'screened Cculomb collisg-
ions (partial screening by the electron clouds), »3) Hard sphere
collisions (no penetration of the electron‘cloud). The boundary
énergy for each proéess depends upon .the ion-atom paizing out for the
inert gases upon metal targets, hard sphere collisions occur below
~100 keV. Most models hive cons red only this type of collision

thereiore.

One of the earlier modern theories of spu tterxnﬁ wos due to
Keywell (1955) baced on a modification of neutiron cooling theory.

He considered successive "knock-onsg' within the crystul until the
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transferred energy became less then the displacement eunergy. He '

seouned that the numbeér of sputtered atoms could be related to the

number of displaced atoms, and wes able to derive an expression for
. N

[»)
0]

the spattering yield which vas o fonction éf E?, However, this
functioﬁ is found to be true for only paiﬁ of the energy range. Rol
et 21 (1960) advenced = theory in which they assumed that only the
lfifst collision contributed to %he sputtering process and they neg-
lécteé subsequent collisiéns. This resulted in & lincar dependence
of.yielé or energy. They claimed fair agreement with their own
resulis but other authors found discrepancies over 20%. Also their
theory fails to account for ejection patierns from single crystal

‘tergets in which successive secondaxry collisions are important.

The effect of the directional propertiles of a cxrystal lattice
was introduced by Silabeé (1957) who showed that‘momentum'may be
focused along a line of atoms in a close packed direction. Provided
the distance of closest aﬁproach in a head—on collision is greater
than half the séparation of atoms aloﬁg alrow, focuésing will occur.
Pig. 3,12 demonstratés the effect. Silsbée, and later Thompson
(1963) defined an upper energy limit above which focussing could not
occur. For the ¢110» direction in gold, Thompson (1963) obtained =
figore of 280 eV for this energy. The proposed fccussing mechanism
of Silsbee was able to account for preferential éjéction along (110>
directions but could not account Tfor the cases when D»ZR. Such

directions are the ¢100» and <111 directions in fco crystals.

Based on compuber calculations, Gibson et a1l (1960) showed that

vhen an atom moves at a small angle to say the {100/ direction it

<

experiences electrostatic forces due to a ring of four nearest
neighbour atoms which tend to deflect the puriicle towards the axis
before collision with the next atom in the (1007 direction. This is

known es assisted focussing and the ring of 4 atoms acts in a way
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anzlogous to an optical converging lsns. The effect is shown dia-

grammatically in Fig. 5.150‘ Thue it is possible

Hy

or the collision
sequence 0 be propagated down the chain of <100, atoms even though

geometrically the Silsbee criterion ig not satisfied.

The above theories explain with reazoneble satisfaction the
cbserved ejection patterns formed from single crystal ftargets. They
do not however totally account for the energy distributién of part-
icles cbserved by Thompson (1967) at high bombardment energy. Also,
the raﬁge of ions in crystalé cah be greater than thot predicted bj
focussing-mechanisms. This_latter'observation was suggested to be
due to the open-ness of the lattice, such that if 2 particle approach-
ed from the right direction it could pass along the open chennels
between rows of atoms. In an fcc crystal such channels aﬁe formed
between <111 aﬁd‘ilOO>'§1anes and also between <1107 and <1007
directions. The angle of zpproach must be‘very'small (<3°) or
the ion will rapidly lose energy by collision. It @roceeds along
the chanmel by a seriés of very iow énglé‘glancing colliéioﬁs'and

. . .
for an 8CeV ion the range may beﬁw2500A.' Thig concept of channel-
ing has been successfully applied to theviﬁterpretation of ion
ranges in solids, of preferential ejection and of dependence of

sputtering yield on angle of incidences

' However, focussing and chamnelling only apply to directional
proPQrtieé of gsputtered particles. The energy distributions obtained
by Thompéon (1967) ahow thoat even wvhen foéuased collision scauences
are not expected as in thc-(lZlv a high energy distribution is
‘observed. Such a.distribﬁtiOn is consistent with a multiplication
of random cocllision ¢ascades as in the case of radiation‘damage in
crystals. This occurs vhen there is no directional influence upon

the collisions,; i.e. when the angle of collizion is fairly high.



On

The process can be analysed in similar terms to thore used by
Xeywell (1955) (aeution cooling). It is also poseible to conre—

gider the cascade as a disturbance in zn elastic medium with souwnd

-veleoelty. The model gives en B 7 dependence of sputiering yield in

: 4 . . - . .

the range 10-107e¢V. Below 10eV surface binding energies become
. . O A e s
important and above 107eV The mzan free path is long and certain
besic assumptions are invalid. The model can suceessfully account
for ejection patterns since, when the nlean collision free path is
approximately equal to the interatomic spacxng, the cascade reaches
the surface via a collision in the penultimate lay»r. There is

i3 hnd o L} ‘ =] & Om - - »
thus a tendency for the surface/to move off in a direction close (o

thet joining it to its nearest neighbours.

Thompson (196{) flnds that rwndom cascades and focussing
sequences account for ~90% of the sputtering in moét cases (bom-
barding encrgy vi3keV). 'He also finds that the mean energy of
gjection where directionsl properiies ar bse"ved are: E = L3.0eV

for <110k, E=9 93.5eV for <100 and E = '7,4eV for £121%. Thus the

highest ejection energy is for the case of assisted focussing.

These figures refer to 100> ion bombardment.

The above b el outline of the sputiering theories and the
E 134 _

preccdlnr section on experimental observations demonstrates that as

2 nmeans of thin film deposition sputtering ig unicue. Tts most

coutstanding feature is that thw energy of sputtered atoms is very

igh and it might be expected thut this ILLl infiluence the wrowih
of 'b)ll 1lm. By using preferred ejection directions from a

sin r*lo crystal taraget it would be possible to deposit films under
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lmown high eﬁerﬁv conditions. This type of experiment has been
performed by Chapman (1968) in an inves %1~ation into nuclestion
behaviour of gold films on rocksali. The way in which the snergy
nay manifest itself at the substrate is discussed in a later
chapter. . By suitable placing of substrateé relative to the t Mrgef,
films may be grown under conditions vhers the onlf experinental
variable is the en ﬂy ofia:crival° An investigation into smingle

crystal targeu behaviour can be usefully applied to polycrystalline

targets by simply summing the effect for different directions.



CHAPTER IV
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EAPERIMENTAL APPARATUS AND PROCIDURE

L.1. VACUUM PIANT -

Two tyoes of vacuum ple=pt were employed, both being standzrd
Tdwards units. The first, an Bdwards 1283 unit, employed a 4 inch oil

diffusioﬁ puﬁp baclked by an oil rotary pump. A water-cooled chevron
bafile and 2 liquid nitrogen t?ap were incorporated in order to lower

the ultimate pressure and to reduce the amount of oil vapour.reaching the
_work‘chamber.' With liquid nitrogen tfapping the final pressure was
(1.10"6 torr. The work chamber vas, for the diode work, a 12 in. diameter
x 14 in. high glass bell jar, of total volume 22'1itrés; For the triode
system a 12 in. diameter x 12 in. long Qﬁickfit nipesection was used also
of total volume 22 litres. The eloSure vas aﬁ aluminiu@ plate. Seals
used were Viton 'A' O-rings or I-gaskets where applicabie.' in albternative
chambér used where water cooling of the farget'was déemed necessary,
empioyed a.Quickfit 12 in. to 3 in. pipe reducer of total volume --10 litres.

The cathode assembly acted as thé‘B in. closure flange.

The,second unit employed was an Tdwards UHVMZ, said to be capable
of 10-11 torr. It used a 2 in. mercury diffﬁsion punp, backed by a 10
mercﬁry diffusion pump which in turn was backed.by arliquid nitrogen cooled
sorption pump. A Pelpier cooled chevron baffle and‘é liquid nitrogen trep
were again employed to prevent mercury reaching. the work chamber. The work
chamber took the form of a 6~a;m Pyrei cross, arm-diameter jrin. manu-
factured by Quickfit. ‘This was found to be the most convenient chamber for
he experiments at a low sputtéring pressure. The total volume of the
chember was 4.5 litres. ‘The closure flanges for the.chémber were of stain-

less steel or aluminium with Viton 'A' O-ring seals.  It was probably due
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to the porosity of the seals that the best pressure achieved (~10 "~ torr)

Wi

vias considerébly higher than the ultimafe claimed for the unit. The unit
iﬁcorporated a baéking reservoir so that, where necesssry, the backing
pumps‘cpuld45e shut off.. At a later stage in the work a 2 in. butterfly
valve was added So that the pumps could be left undef vacuum while spec-—
imens etc. were removed from the work chamber. This also required an
extra sofption pump to re-evacuate the‘wory chamber, prior to 0pening the
butterfly valve. ressure measurement was by means of a Pirani gauge in
' the‘}O.%u range and by an ionisation gauge (Mullard I-OG 12) at lower
pressures. Gés admission to both the abovesystems was from a cylinder
o way of a desiccant (A1203) through é fine control needle value |
(Edwards 18D1). The éés'used for all experiments was argon ofi99.999%
purity supplied by Air Products Ltd. Prio£ ts_adﬁission the system was -
always evacuated to<1l x 10_5‘to£r; No other measures were takén‘to
further purify the gas. A mass speétrometer trace, ﬁsing én AEI 29D18
head shdws, in Fig. 4.1.,:that little or no vwater vapour was admitted to
the system aléng with the argon. A maximum pféssure of Q.lo-sjtorr was
used to safeguard the spectrometer head. The A"Y ang A" peaks can be
seen in the lower trace, but the{beaks lying above AY are not identifiable.

They appear {o be spurious peaks introduced by the head itself.

4,2, DEPOSITION TECHNIQUES

4.2.1. Diode Sputtering

4.2,1.1. Apparatus and Circuit

- The apparatus used for the diode sputtering work is shown schemat-—
'iCally‘in Fig. 4.2. and Fig. 4.3(a). The vacuum system employed fbf all
diode experimehts was the Edwards 12/E3 unit described.above. The system
shown.in Fig. L.2. was used fo? eérly work but for all later studies where
high rates ﬁightvhave been emplojed, the latter system was used since it

incorporates water cooling . For diode sputtering, the target is made
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the cathode and'the substrate is normally piaced on the anode which is

at éarth potential. The target was cemented to the aluminium cathode
using high éonductivity epoxy resin (Johnson‘Matthey). The water coﬁling.
ensured that the target did nol rise much abbve\lOOOC at any time, thereby
preventing the cracking of the epoxy. At normsl ejection rates water
cdoling was not necessary bﬁt the same unit was employed, thus masintaining
electrode geometry. A photograph of the target assembly is shown in

Fig. 4.3(b). Where cooling was necessary allowance had to be ﬁade for

the current carried by the‘water since the éiﬁai water outlet was at

earth potential.

In order ternsuré uniformitykofythe deposit, the target should
be coﬁsiderably larger than the substfate. .A diameter of 7.5 cm. was
chosen for all experiments. Specimen sizes were typically 0.5 cm. square
end the separation typically 10 ém. The electrode geometry wasvéuch that
‘the discharge always took'blace between cathode and anode, other earth points

being further away from the cathode or within the discharge dark space.

Tﬁe Cifcuit employed for diogde sputtering is straightfbrward.. It
consists of a high voltage transformér.(SkV, 50mA) driving a full’ wave
rectifiervtheboutput of which is %aken to the cathode and anode of the
system. The basic circuit is ébéwn diagrammatically in Fig. h.h. The
bridge rectifier used selenium diodes as these aré better able to with-
stand peaks. A voltage‘of-$3kV-was applied to the target and the current
was varied by varying the gas pressure by meané of a fine needle Valvé.
For diode sputtering a discharge gas>preésure 6f tens of microns is

reqguired in order to obtain currents of the order of 1lmA.

Normally, for diode sputbtering, the substrate‘is placed on the

anode at earth.potential, but it is sometimes required'that the substrate

should not be at earth potential. TFor instance, where it is required to
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Circuit used for the Preporation of Thin Films by Diode 3pubttering.
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bombard the substrate with positive ions during deposition the substrate
musﬁ be held at some‘negative potential with respect~to‘eérth. Thié
technique is known as bias sputtering and the arrangement employed in
these experiments is éhown in fig. 4.5. An auxiliary heater is élso
shown in Fig. 4.5. whereby the substrate may be heated to above room
temperature. A negative potential wasvapplied to thé auxiliary electrode
ané the substrate surfaée was eleqﬁricaliy strapped to it by way of a
previously deposited gold Jand; The bias gotenﬁial was provided by an

auxiliaryvd.c. supply, capable of producing up to 1OmA at 1kV.

- 4.2.1.2. Successive Deposition

Where it was necéssary to deposit 1ayéfs having differeﬁt thick-

" nesses in the same eiperiment, a shutter system was réquiréd s0 that |
successive substrates éould be exposed to the sputtered matériai, The

- two alternative methods'uséd'are shown in Fiw.'4f6. Fig.xh.G(a) shows a
simple witﬁdraWal type,shuttef which could take a minimum of four sﬁbsﬁrates
of size 10 x5 mm.‘ The number offsubstrates of a'given size in this

assembly isvlir'nited'by the fact {:hatv material will deposit under the mask
however close it is to the substrate. This is becaﬁse atqms‘féAGh the
substrate by a‘diffusion-controlled pfocess 50 that‘some.atoms may arrive
almost at glancing éhgle.>’8ubstrates must therefofe havg a minimum sep- .
aration. Fig.'4.6(b) is a rotatable shutter, designed so that successivé
"pairs of substrates could be ekpoéed, folloWedfby a complete.covering of

one set while the other set were being further treated, e.g.‘covered by carbon
evaporation. The same substrate size and number limitation apblies to | |
.‘this assgmbly. ‘Both types of shutter Qere operatéd by an arm.which was

" attached to a shaft passing through the baseplate by mezns of a rotary

seal.  In experiments whére only a singie substrate was'geing exposed,

a simple shutter operating from the rotary shaft was employed.
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L.2.2. Triode Snwuttering

‘The triode principle was fully'described in the nrevious chapter
and a schematic diagram of the system employed.is showh in Fig; 4.7.e The
vacuum system was again en Edwardé 1283 unit as described above. Tor 211
evperiments the residual gés pfessure was <2¢x ‘C torr, and arﬂon vas
admitted direct to the work chamber oy meaﬁs of a fine control needle
valve. The apparatus constructed emn10Jed a splral tungsten f:lament as
the electron source. This was enclosed in a square sectlon I~shaped tube,
as indieated ineFig. L.7, censtructed entifely of stainless steel. In
order to utilise the electrons produced more efficiently and to. obviate
"~ -the rezed for complex water coolln anlaccelerating‘ahode was placed in
 the fosztlon shown in the dla@ram.‘ The optimum size of the aperture in

the anode was determlned empirically. 'The,eize final}y chosen being 0;5

' inches. The electrens were subseQuently eitraéted‘into the qutterihg.
regien by the‘ﬁlanarvanode:positioned as showq’in’the diagram.  The moée
ef obefétidn:of’this type’of system has been de§cribed in Chapter

3

-

The dlscharge was feund to strike et a maln-anode to filament drop ,
of’”lOOV and could be maintained at 60-80V drop. The actual values
uepended upon the acceleratlng anode notentlal whlch was adgusted to give -

" maximum electron‘current.; Thls was normallJ approx1mate1y +60V with
respect to the filament. It was found possible to run the discharge with
éero volts on the main anode but Fhe ion‘current was lower than with
finite volts. . The discharge appeared to have been st;uck betweeﬁ filament

_and accelerating anode and ions diffuéed intoitﬂé,spuftefing region where

they were confined by'thé magneficAfield. It wes-élso possible for
eleetrens to diffuse oﬁf of the source assembly‘and for ieniSation to

occur outside the assembly.-

 Fig. 4.8. is a schematic diagram of. the circuit‘employed‘for all

triode experiments. All D.C. power supplies were of the type used for the
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FIGL 8
SCHEMATIC CIRCUIT DIAGRAM FOR TRIODE SPUTTERING EXPERIMENTS.
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diode experiments as shown in Fig. 4.4. Full-wave rectification was
employed with no subsequent smoothing.  ZIack of smoothing is beneficial
in fact as it sw presses the tendency for arc breakdown (Hurwitt, 1963)

though such breakdown is ﬁnlikély anyway at the power levels used in these

experiments.
As in the case of diode sputtering the targe.. - re 7.5 cm. in
diameter, fixed by conducting epoxy resin to a stainless steel - uminium

backing plate. At the power densities employed no water cooling was
necessary. The back surfaces of thevanode ahd target, and als? the support.
rods, were shielded with Pyrex glass to prévént spurious discharges. The
substrate support and heatef was plaéed épposité and pérallel to the target
such that the main part of the electron beam passsd between thém. The.
substrates generally weré held at one edge by élTa strip spot welded to the
heater strip so as to form arV¥pdcket‘and ét‘the opposite edge by the
measurihgvthermocouple. A'stéinless—Stéél shutter, close toifhe substrate, -
‘was opefated froﬁ outSide the system by way of a rotary seal. The substrate -
’térget separation was 5 cm. All the épparatus*required for a deposition, |
excepf fbr'the electron source,aé;embly‘wéé mounted on a 13 inch diameter.
aluminium'flange which acted as the top plate for the work chamber. This
enabled all the setting up to bé aone quite simﬁlyraway from the vacuum

system.

- hk.,2.3. low-Pressure Sputtering

' The vacwum system used for the low pressure spgtteriné work was
the Edwards UHVM2 unit described. in Section'4;1. The discharge system is
similar in many respects to the ériode system Bﬁt can be operated at a
lower discharge gas pressure. The assoclated circuit}y‘resembles that of
the triode sysfem andvis shown séhemat}cally'in Fig. 4.9. which also shows

an eclevation view of the work chamber. A plun view of the chamber is shown

-
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in Fié. 4,10, The electrodes and other inlets were introduced ﬁhrough
the stainless steel closure flanges, the seals being made with‘Viton
'C'-rings or with a cold setting low volatilé resin ("Torr-seal",
manufactured by Varian AsSoéiatéé and recommehded for vacuum work down

to ILO"8 torr).

As in the case of triode sputtering, the principal parts of the_
baﬁparatus are the electron source and the magnetic field coilf In this
apparatus the electron source was based upon an electron microscope
tungsten hairpin filament, surrounded by é screen at the saﬁe potentiai.
cher potentials were tried but‘with detfiméntal results. An accelerating
anqde at earth potential was placed in froqt’of these. The complete
"arrangemént is shown in Fig. Q.il. The accelerated electrons entered an
‘eésentialiy electrostatic field~free region where thgy were acted upon by
‘an akial'magnetic field. The magnet coils Qere érranged in a near-Helmholz
arrangément so as. to give a fairly uniform field at the centre of the cross.
VThe field‘dould be varied to a maximum of éppfoximatély 660 pe at the .
centre. The céils which were manufactured by Newport Instrﬁments and had
provisidn for water dooling, wéré{connected in parallel and a current of
15 anps was fequired for‘GOOoe; They each consisted of 1,000 turns of
0.15" square segtioh cépﬁer wiré. Measurable ionisation could be pro&uced
thus at;gaé_preésures of €1 x 10")7F torr. though for useful ion éurrents‘aA

pressure of ~2 X 10_4 torr was necessary.

In'opérafion the accelerating field between fiiaﬁentvﬁgd anode

- was typically 500 V/cm. depeﬁding upon the ion current to be extracted and
ﬁhe pressure. in the system. The eiact,pqtential'was varied to stabilisé
.the discharge; ‘The closure flénge at the‘end.of.the cross opﬁosite to thé
electron source écted as a éeflector since it waé aliowed to float elect—

. Ry . o o -

rically.and s0 adquife a négative potential from the electron beam. Thus

the electrons made several traverses down the arms of the cross, being
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| captured finally by the anode close to the source. The aperturémof'the

'anode was deliberatély chosen large, approximately 1 inch, so as not to
bresent too large a collection area. With the closure fiange earthed the
ion current dropped to a low value. The vaiue of the:accelerating vqltage
wes limited because of the possible sputtering of electgode materisls by

‘ positive ions. .All;H.T..electrodes viere éhielded but‘whére this was‘not

possible they were covered by tantalum foil, a low sputtéring yield

material.

The mode of operation was fundamentally the same as for the triode
experiments discussed previously; The,substrate; suitably mounted, was
introduged into the system which was then pumped down to the residual
: pressure reguired. This was alWaysg(2.10-7 torr. If necessary, the sub-
strate was heated and the whole allowed to‘outgas at a'temperatufe a few
degrees abové that finally réquired; The eiectron source filament was also
heated to allow this to thoroughly oufgas. After outgassing, the discha;ge
gas was admittéd,élowly until the reduifedAdischarge pressure was reached,
generally 2 x lO-h torr; at which point the dischgrge was struck by upplyiné
a suitable magnetic field along the‘axis of the'eléctron source'und a high
?otential'to the filament relative to the anode. The stability of the
discharge was a function of the operating parameters; particularly the
electron density. The probability of ibnisation depends upon/;he electron
‘density so that the ion current which_can-belexfracted aléq'depénds upon
the electron density. Ip order to maintain a constaﬁt pressure in the
experiments, thg pfimary control of the ion cu;rent was the electron cﬁrrent
varied by means of the filament current. The‘electrbﬁ emission was temp-
erature limited, the accelerating anode potential remaining constant -
wherever possible, it only being slightly varied to maintain stability.

The preferréd field was SQOV/cm. The magnetic field.was,constant throughoﬁt,
the experiments at'4000e>(i.e. 10A in the coils). This was “Tound empiricallﬁ

to pfoduce a visible.ion beam 6f-approximately,2 cm. diameter.
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Once discharge and temperature stability had.been attained, the
target was negatively biased so as to extract ions from the plasma. The '

substrate shutter remained in position throughout the stabilising process.

'With a negative potential on the target, sputtering occurs at a_fate-

determined by the ion current density. The ion current density extracted

depends upon the discharge conditions and also the relative position of the

target to the ion beam. The beam was approximately 2 cm. diameter and

Fig. 4.12 shows a plot of ion current den51ty as a function of dlotance
of target from an arbitrary reference point (for varbus target potentials).
The optimum target position was selected and maintained for all exberiments.{

In this apparatus a 25 cm. target was generally employed and it was assumed

.~ that the current den51ty was unlform over its area in all p051t10ns. This

would rot have been the case for a larger target.

As forvthe‘previous modes of sputterihg; the target was sputtered

for a finite time nrlor to substrate expcsure, S0 that contamination was

-removed from the surface. The substrqte shutter was then actuated to reveal '

the substrate.which Was then exposed'for a time selected to give a'pre—
determined_thickness. The timejwas based oa brevious‘caliﬁration.runs in
which the thickness as.é function'of time was measured. ~Since, in this
abnaratus, the shutter f ‘ : ;‘ p? was irreversibly actuated the
deposition was terminated by remov1ng the bias from the target. The sub-,u,e

strate was removed from the Jstem, when 1t had cooled to (?O C.  The

chamber~Was brought to atmospheric pressure by admitting argon.

\

The gas thrOughpat of the system during deposition was controlled
by the gas inlet and not by the pﬁdﬁing apertiure a5~in'the case ef diode

sputtering.



Lo 4, Fvaporation

In order to cempare sputtering and evaporatioﬁ for thin film
deposition it was necessary to deposit films of silver under controlled.
evapora +10n conditions. A high-vacuum system, custom built by Edwards
Ltd. for the Allen Clark Research Laboratory was used for the depositioﬁ.

A residual pressure of (10‘8 torr was easily achieved and deposition onto

102

two NaCl substrates vacuum cleaved using a jis desicned and reported by
} R A (] o 7 & v

Stirland, 1967. Quartz-iodine-lamp substrate heating was employed in the-

manner described below . in Section 4.4.2.2. Rate of deposition was stab- -

rilised before cleaving using a disc ratemeter, of a type described by
Beavitt (1966). . Rate control was by means of evaporant temperature.

Evaporation was from'a heated tungsten spirel positioned approximately

15 cm from the.substrate. Usingba shuttep system'it was possible to cover

© one substrate while continuing deposition onto the other. Following depbs-

ition an overlayer'dfvcafbon was deposited in the manner described below
in Section 4 5. The substfates wereyremoved from the system when their
temperature had fallen to 25 C and the SJsten had been brought to atmos-

pherlc pressure by the 1ntroductlon of alr.

3

k.3, SUBSTRATE PREPARATION

L.3.1. Germanium

The material was prévi&ed as 1 diam. 178P thick discs of n-type
unbolished,gefmanium. - These were mechanieally poiished to <%y diamond
finished and ultrasqnicaily degreased iﬁ isé—propyl alcohol. They were
placed in boaition in the triode system which was then evacuéted to>

L2 % 10—6 torr. The substrate temperature was then raised to 600°C and

held at this value for 5 minutes in-order to remove oxide layers from the

surface. Argon was then admitted to a pressure of 1.5 x,lo—j torr and a
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discharge struck. TFurther clesning of the substirate was thus accomplished
by bombardment for 5 minutes. Following this cleaninv process the suo-

strate temperature vwas lowered to the required exnprlmental valup

4.3.2. ﬂica, CaFa and NaCl
Fresh air-cleaved surfaces of these substrates were eﬁployed. The

"mica was‘cieaved usinw'tWo strips of adhesive, one oh either side of a

ample whlch were then pulled apart to reveal a fresh surface. Aliernat-
ively, where small areés vere requlred, cleavapge was achleved using a
ﬁointed instrument to separate 1ayers. Surfaces which had visibly obvious
cleavage steps were rejected. Calcium.fiuoride, which cleaves on a (111)
‘plane, was cleaved wifh a sharp blade, similar cqnditions for surface
selection applying. Sodium chloride sﬁbstrates vere als& pfepared by
cleaving with a sharp blade tovreveal'a freéh (100) crystal face. The
eﬁerqy reou1red to cleave the NaCl substrates was con51derab1y less thaq
’that requlred for CaFose vVacuum cleaving was also employed on NaCl in some
experiments. - These are detailed in the next chgpter and the technique vas
to break a pillarbof N301‘ijmeans of a hammer. 'Theiéxpésed surface was

relatively free of steps.: o

4.3.3, Single Crystal Sapphire (Alﬁgﬁ)
Slices of sapphire ~lmm. thick were cut to give a (1102) face.
These were highly polished tb'(%P diamond finish mechanically, and_ultra—' 

sonically depreased in iso-propyl alcohol. Bombardmat cleaning in the

apparatus was also employed.

L.z.Lk. Glass -
‘These substratés, used for monitoring purposes, were of boro-
silicate glass and were cleaned in a soap~solution followed by deionised

wate~ and iSo~propy1 alcohol.
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L L, SUpSTRATE TRMPERATURE COHTROL AND MEASURENEIT

..... H

L. h,1, TIstroduction

In 21l the experiments contrel of substrate temperature was essential
as deposition temperature was an importaht parameter in the structural ard

electrical properties of the films.

In the case of diode sputteriﬁg there is a significant contribution
~to the éﬁbstfate temperature from the diéchargevitéelf. L ﬁypiéal discharge
power was 70W, capsble of producing a temperzture rise of SOOC in 30 mins.:
'Sputtering. Whether heating or cooling vas required dgpended*upon the_power
inout to the system and the sputtering temperature required. A typical
heating curve shéﬁn in Tig. h;13'demonstratesVschematically the possible
'réquireménts of an experimentf If temperatﬁre Tl is required heéting of the
substratg-is necessary‘throughout, but'if.fz is the'required temperature
cooling is;required éffer an initial»heating‘period. Generally the initial

‘meriod was that during which the discharge stabilisstion and target cleaning.

>

was cerried out. The third temperature condition T. shows that'cooling'is

required from,the outset.’

The same applies in the céée offfriode sputtering where the power
input to the discharge_in séme caéesveXceeded 100v. Gehérally fairly high
suﬁstrate temperaturés were required so that heétihgiwasvrequired throughout.v‘
In the case of low“pressure sputtering,fhowever, the pover input to the
discharge was dnly ~SW and was confined to.a ﬁarrow'ioh-beam. Sinéé the
substrate wasiwell outside the béam thé‘conkribution to substrate temperature

was negligible.

44,2, Substrate Heating

Various types of heater were employed, the major prereguisite bveing
that outgassing should be minimal. The following types were those used

most extensively :
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4.4,2,1. Ta Strip Heaters

The heaters were of two main types.
a) Those which 5eatéd a substrate mounting, and
b) Those which doubled as a substrate mounting and heater.

The first type.is illusfrated in Fig. b4.14(a). This was designed
to give uniform heating to 'a temperature oflVBBOOC of an au%iliafy table -
outlined in the figure; The'systém was primarily designed for bias
sputtérigg and the table céuld‘be biassea independently'of the main énode.

The material used was .OOh" Ta with a double thicknegs at each end.

The'sgcond type of heater which was used for the deposition of Gé
films in the triode system took the forﬁ éfva Ta strip of thickness .OOQ”,
‘width 1 cm. and "hot region” iength 1 cm. The‘sﬁbstrate was mountgd
directl§ onto this. strip which fo give'rigidity was backed by a tile of
Sintex 2.5 cm. x 1 cm.'x-. 5 ¢me - The heafer is-illusffated;in'Fig. Loik(bh).
The substrate témﬁeratﬁre attainable.uéing ;uch a éystem was in excess of
170000. , : ;

' Both the above types required Oﬁﬁgassing fbr some time after

' \
installation. :

L.h.2.2. Quartz Iodiﬁe Heéters-
v The use of Ta heaters was satisfactory from most éspect§ but whére

minimum outgassing was required as in the case of 1owA§re$sufe éputtering

they were not so suitable. 'For.this purﬁése quartz lodine lamps of theA
’tjpe used in projectors etc. proved very édequate;. They ﬁéd ﬁhe advantage
© of being vefy clean,'of'reQuiring little power and of rapid interchangabiiitf..
" Their radiated_heat'cled_also be quite réadiiy focussed. Using .a system

of the type shown in the photogréph of Fig. 4.15(&)'temperatures of around -
hSOOC'could-be achieved for a power input of MOOW. The arrangement shown

in the figure was used in the low pressure system. An alternative system.
. }- : ' o
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as used in the triode system during nucleation density measurements is

shown in Fig. 4.15(b).

4.4, Substrate Cooling

One of the difficulties associated with heatiﬁg or cooling a sub-
strateiis that of thermal contacﬁ. This is particularly so in the case
of cooling vwhen a constant heat sourcé'surrounds.the substfate. The
thermal contact between substrate and heat sink (coolant) is then of great
concern. An exaggerated view of the situation is demonstrated in Fig. L.,16
The gaps must be filled Qith a.&énductiﬁg medium or a lérge proportion of
the cooling capacity is lést. Several-methqdé were employed as described .

“below.

L.4L.2,1. Cooled Mounting Methods’
_a) - Careful polishing of the cooled substrate mount. Hot varticularly =
" successful since the substrate (NaCl) itself is stepped sb that
contact :is not ensured.
b)  Filling the gap with vacuum grease. Rather messy and though a1l
right in prinéiplé it was found difficult to remove air included
“in the grease.
¢) Pressure contact. This is unsatisfactory since only the area

immediately under the pressure point attains a low temperature.

a) Floating on a pool of mercury. This met with reasonable success
~and témperatures of_-150°C were achieved on the substraté'surface
when liquid N2 ias passé& ﬁhrough the cooling plate. The technique
was to form a pool of mercury in a containing well and to flozt the -
.substrate in this ﬁool- On evacuating and coolinﬁ the plate on
whichAthe mergury pool'resided;‘the pooi froze with the substirate

embedded in its surface. The drawback to the technique was that Hg
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system experiments over the range -60°C to room temperatufe were carried

out. The time lapse required fo attain a steady substrate temperature

was N30 miné. from beginning nitrogen flow. Temperature‘could‘generallj

be maintained to iO.SOC néar rodm temperature and 1'Zl.OC_near -SOOC. In this
assembly the targét diameter was ﬂ4 cm. and the target-substrate separation
8 cm. The pressure in the inner vessel was assumed to be the same‘as in.

the surrounding chamber. The rate of deposition 85 a function of current

is shown in Fig. 4‘18'. Sﬁch a determiﬁatién was made on a series of cali-
bration runs using glass substrates.‘ Measuremeﬂt of thickness at temper-
atures from -50°C to +20°¢ showed the variation to be within the measuring. .

accuracy of the instrument (Z30%).

In operation, temperature stability of the éubstrate was attained,

in the presenbe of the diécharge, before exposing the substrate. Film

N

thickness was waintained the same for each experimént.so that the deposition
times were varied according to the rate curve given in Fig. 4,18, After
deposition, the assembly was gllowed to return to room temperature before

remOVing ﬁhe substrate.

. : n ' . o
Deposition at temperatures above 257°C were carried oul in the
normal diode system described earlier. A few experiments were carried out

in the low temperature enclosure, employing heating only, and these were

found to produce similar results to the normal system.

4.4 L. TEMPERATURE MEASUREMENT

In all the experiments,. thin Wire thermocouplés were emploved.
Where'the'ther@ocouple was required to, be springy in order fo hold the
substrate in piacé, as in the éase of'tridde sputtering of Ge, Chrom=l/
Llumel was ﬁéed. For low temperature work'or for other instances where a

very small contact arca was required, PL/Pt - 13% Rh was employed. The

<
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couples were formed by spot or ball-welding and were accuraste to t}oQ,
.Absolute temperature is not so important, however, as the reproducibility
of temperature conditions. The cold junctioﬁs were at aﬁbient temperature
measured with a mercury thermometer. TFor determining the couple potenﬁial,

a potentiometef vas used, measuriné to 'an accuracy of 1OPV' For the
measurement of high temperatures a temperature indicating millivoltmeter

' +a N0 . .
was ‘employed, accurate to -107C compared against the potentiometer..

4.5, OVERILAYER DEPOSITION

In cases whgre the depésited films were very thin, it,waé nec-
essary to deposit én overlay in order fo suppqrt:the film for examination
in the electron microscope. The most'common method is to evaporate_a layér
;of amorphous carbon over the entire-film to a thicknéss.ofvﬂ1502. Such a
film does ﬁot,systematically affect the electron beam and allows full.
éxamination of the initiallfilh. This teéhnique was employed where nec-
essary in these experiments and_a diagrammatic representation of the jig
_for a simple case of dioge sputtering is shown iniFig. L4,19. Shielding |
of the source from the target was essential’to preyent contamination of

. the target.

In one series'of.ekperiments it was required-fo deposit an overlayer
of nickel father than carbon and this was,éarried‘out by replacingvthe |
'carbon_source by a heated tungstén spiral. The spiral was lbaded with
nickel wire‘and on heating the nickel was evéporatea ogto the substrate.
Rate of deposition was not critical and was ~15R/Sec.'k Shielding of the .

terget from the evaporant was again important.

L.6. THICKNESS AND RATE DETERMINATION

The‘apparafus used- to measureithe film thickness was a Talysurf

«

surface probe. The princi§1e is illustrated in Fig. 4,20 and ;typical
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surface profile'traées are shown ih Fig. 4.21. 1The trace is derived by
detocting and amplilying én out-of-balance current in an a.c. bridge.

The probe sbylus is attached by way of a lever to thé slug core of an
inductor and the movement of the.core varies the inductance and hence the
current. The accuracy claimed. for the instrument is :ZOR _(Campbell

& Blackburn 1961) though the accuracy in practice was determined by the
thickness of the drawn line. The reference for the surface probe was an
optical flat. Calibréfion of the instrument is by way of prqparéd

standards.

The method was‘to produce'a step in the film over which the stylus
could traverse. In the case of soft films on hard subétrates (e.g. Aé on
- glass) scratches coﬁld easilybbe madé in‘thé film to produée the step.
For haraer_films, which could notvbekscratéhed readily,-thevtechnique was .
to mask off a-part of the substréée thus producing a Step.v In 6ases'where
»the substréteVWas ifself-eaéilj scratched, e.g. NaCl, mica, measurement
of thickness wésbtotallj uhfeliable; iﬁ QQCh cases thickﬁess wé§ determined
from a;filmigrdwn, eithéf»concurrently or during a similar exvperiment, 6nto‘
_éléss. It is realised that such é ﬁethod aésumes equal condensation co-
efficiénté for eachvtypevofvsubstrate but for thicker films () ZOQR) on
"which fhe méasﬁrements were made, the assumptibn is probably valid since
.iﬁ invoivesvdeposition of'likevon like. A plot of thicknesé as a function
ofitimé for silﬁervfilms dn glésé in the diode,systém is shown in Fig. 4:22..
The divéfgence from'linearity af the extremes of the curves was thought té
be due possibly to charge effects in the film. Zxperiment proved this to
be partly true. Howéver; allrsubsequent experiments, operated on the
lincar part of the curves. Raté of deposiﬁiﬁn Qas, therefore, determined
by the division of total film.thickness by, total deposition time. Extrap-
olation to lower thicknesses was assumed linear. The rate of déposition is
proportional to the ejection rate from the targes which is in turn dependent

upon the numher of incident ions, i,e. total current.
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CHAPTER V

RESULTS OF STRUCTURAL STUDY

5.1. INTRODUCTION

This chapter documents the results obtained from films sputtered onto various
substrates under a'variety of conditions. Films were grown in one-off exper-
iments except in the case of the study of film stfucture with  thickness wheré
sequential deposition was employed in a single run. Results of evaporated

silver films grown fof_islhnd density measurements are also given.

For the case of semiconductor films, only the structural results are described
in this chapter. The galvanomagnetic properties of the films are given in

Chapter 7.

The first part of the work, on metallic films, concentrated on the parameters
influencing epitaxial growth. In the light'of éuch investigations and follow-
ing the emergy distribution calculations detailed in Chaptér 3, attention was

turned to the more practical aspect of semiconductor £ilms.

5.2. METALLIC FIIMS

The materia} chosen fo;vdeposition.wés silver. Being én f.c.c. metal its

- crystal structure was of a simple nature and well understood and recognisable.
Its orientation effects have been fairly extensively studied by evaporétion
techniques. The material was obtained éé finé foil (.OO4" thick) silver from
'Johnsén,Matthey and was attachéd %o the cathode using coﬁducfingfeéoxy resin
'(silve:—logaed Arazldite). For the gold experiménts .OO_" foil of 99.98%

purity was obtained.
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5.2.1. The Variation of Crystal Structure with Substrate Temperature and
Rate of Deposition :

Films were grown in the diode system, the mode of operation being as described
in Chaptei 4, Water cooiing of the target was not neceésary at the power
levels employed. The rate of depositioe was varied over the range 0.028/sec.
to Z.Og/sec. and the substrate temperature varied from -40°C to +80°C.

Initial experiments carried out at arodnd +30°C ehowed tﬁe fiims to be epitf
axial. This fact determined that further experiments should be carried_out

at much lower temperatures. Determination of epitaxial temperature per se,
i.e. the temperature below which the film is disoriented and above which it
is oriented; is impraeticable and unrealistic. The purpose of these exper-
iments therefore was to span, eé widely as was reasonable, the epitaxial

temperaturé.

The results are shown in Figure 5.1,<whieh ie a plot of the deposition'rate,
R XISec_l as a function of_the reciprocal of the absolute temperature. The
points are plotted'to represent the deposition conditions and thefresultaet
film crystallinity. A boundary fegion may be drawn on the-pioi en one sidé
of which the fllms were found to be epltaxlal whilst on the other side the i
films were polyerystalllne in nature. The fllms-studled in this experlmentalf
series were all 2008 - SOOR in thickness;"‘As in the casevof evaperatioﬁ,the
conditions for epitaxy are low deposition rate eﬁd/br'ﬁigh substfate teﬁper-
“ature. It is'evident, however, that theeSubstratelfe@perature‘required for

a given rate to produce epitaxy is considerably 1ees than that reduired for
evaporated films; Tﬁis is'showe By comparison withrthe results of_Sloope

and Tiller on similar films grown‘by evaporation, shown by the straight line
in Fig. 5.1. The slope of thesev}ines and the poseible implications are

.discussed in the next chapter.
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In Figures.E.a ~ 5.7 are shown micrographs and diffraction patterns giving.
rise to the points A - F in Fig. 5.1l. The micrographs for each'film are -
very similar and are therefofe shown for one or two films only. The diffraction

patieérng were obtained by selected area diffraction at an electron energy |

of 100 keV. Figure 5.4(b) is a-low magnification micrograph showing Bragg
contrast contours. These indicate thebéxtent of the pérfeﬁtion of the film
since the extinction required to produce thesé can dnly result from constant-
phase diffraction. - The eleéfron difffactioﬁ results shown in the figures
indicate the orientation chahgeSvand the difficulty in assessing the 6fient-

ation when c¢lose to the boundary conditions.

' 5.2.2. The Variation of Cryétal Structure with Film Thickness °

In order to investigate the variation of structure with thickness it was
necessary to produce films of varying thickness during the same,pump-déwn
cycle. This required the use of a special type of shutter as described in

Chapter 4.

The réte of.deposition was chosen initially to Be O.253-/séc. which would"
vield an epitaxial 2008 film at }250°K as shown in Fig. 5.1. Deposition

times 6f‘%, 2 and 8 minufes to give nominal thickness values of 7, 30 and
1208. Following deposition of the silver, carbon was evaporated over the

surface so that the films could be examined in the microscope.

The results of the initial expéri;ents with carbon backing only;vare shown in
~the micrographs and diffraction patterns iﬁ 5.8. -rs.io., These show that 78
and 303 films were made up of disprete:iélands virtually circular in shape

and reésonﬁbly.uniform'in distribution. Use of these results is also made iﬁ :
the island deneity experiments described later. The diffraction-patferns

clearly show an increase in the degree of orientation with increasing thick-

ness. .
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Matthews (1963) has found a similar effect in evaporated films of gold on
rocksalt and he explains it in terms of rotation of the smaller cr&stallites .
with respect to the larger ones B0 as to be in parallei or twin orientation

with them.

In order to check whethgr crystéllite rotation during the_sﬁripping operation
or even loss of crystallites during the same progess, (Stirland i966%vwas
responsible for the observed effects, a layer of nickel was evaporated over
the silver. This haé the efféct of fixing the silver in position after

deposition so that subsequent rotation is prevented. Films of silver were

deposited at 0.128% sec.-1 to produce layers of 72 to 1153. The lower rate

was due to the introduction of the nickel evaporation jig,and did not alter

the purpose of the experiment. The jig was approximately Scm. from the sub-

" strates and evaporation of 1508 at M30% sec™® was found sufficient. Follow=

ing Ni evaporation an overlayer‘of-carbon was-evéporated though this was not

strictly necessary.

The results of"thé'nickel-backed_experiments are.éhown ig the micrographs and

diffraction patterns of Fig. 5.11 a - d. The michgraphs‘consist almost
entirely of nickel as would be expécted. It is interesting to note, however,
that the nickel islandlsize fends to increase'with increasing silver thick-v'
ness, suggesting tﬁét the nickel would préfer to'nucleéte on a silver rather
than a rocksalt surface. A simi;ar effecf has been noted for nickel_overlayefs

on CuMn films (Campbell - Private Communication). In the micrograph of

. 5.11(b) the dark spots are due to contamination which could not be identified.

The dérk—field image shown in Fig. 5.11(c),was ob£ained by placing the object- .
ive apefture over a (229).si1ver spot; no ti1£ing of the electron gun was |
employed so in consequence the image-forming beam was not axial through the
lens system. This gives rise to streaking 6f thevbright spots onAthe dark .

field micrograph, due to lens aberration. These spots are those silver
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crystallites whose planes are contributing to the (220) diffraction spof
chosen and they'give an indication of the distributios'of thevsilver on the
surface. Af lower thicknesses there was insufficient silver to give a suit-

. able image.

The diffraction patterns'associéted.with these micrographs are composite,
consisting Qf silver and nickel. As silver has the larger lattice parameter,
its reciprecal lattice veetor will be sﬁéller. Both materials are f.c.c. s0O
that the ?wo patterns are identical except for spacing. . Owing to the ratio
of lattice parameters it so hanpens that the reciprocal iettice radius of the
b(ZOO) silver group is the same as that for (11l) nickel. It is thus not
easily p0351ble to 1dent1fy characteristics from the (200) silver spots unless
there are no (111) nickel spots or rings present,i;e. unless the nickel is
perfectly'epitaxial. The (220) silver ring,.however, is not obscured by
nickel. Observing this ring, it can again be seen that there is a marked
increase in the singée crystallinity of the silver deposit with increase in
fhickness.' It is also obsesVed that the orientafion of the nickel overlayer
follows that of the silver. At increasing thickhess,‘a spot pattern emerges -
for the silver deposit. This can be seen clearly in the case of the (220)
spots and also for the (200) spots, which can be identified by the presence

. of streaking from the prlmary diffraction spots at (200) to the double
diffraction spots on the (111) smlver ring. At the highest thickness in the
series, 1153, a cqmpletely single crystal pattern is obServed.‘ From the

. ,micregraphs of the thinner films in this series, there is no evidence of
"graininess', as was observed for the_earboq only films. This may suggest
that particles were being lost in the latter case, during the stripping

operation.

The 1mp11cat10ns of these results w1ll be dlscussed in the next chapter, but
the mechanlsms which may lead to the effect have been dlscussed earlier in

Chapter 2.
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5.2.3. Bias Sputtering

In the experiments from which the above'results were obtained, the sﬁbstrate
was placed on the anode, whose potential was zero, i.e. earfh potential. There
is thus no bombardment of the substrate by positive ions. Maissel and Schaiblev
(1965) however, observed an increase in the purity-of sputtered tantalum if a
.negative bias was applied to the substrate during deposition. It was proposed
that the resultant bombarding ion beam removed contaminant oxygen from the sub-
strate surface, thus decreasing the'probabiiity of formation of tantalum oxides
On the basis of this'hypothesis, it was thought likelyvthat; since clean cond-
itions have been founo by magy observers to be influential in promoting epitaxy,

bias sputtering should enhance epitaxial growih.

The apparatus used was that described in the previous.chapter (Section 4.2.1.2.),
in which the'sﬁbstrate surface was strapped'to a hegatively biassed auxilliary
. electrode by way of an-evaporated gold 1and and a phosphor-bronze clip. The
blas was varied in 1OOV steps from zero to -300V. The deposit material chosen
for this experlment was gold rather than silver. The use of silver would have
necessitated cooling of the substrate at the deposition rate employed. The
effect with gold was expected to occuf at temperatufes above room temperature,
since the epitaxial temperature for gold at the rates employed is some lQOOC
above that for silver.; The rate of deposition employed was O.#ZR/sec., deter-~
mined from calibration expefisents as-described in Chapter 4. The substrate
temperature for each series was varied from 25°C to 12O°C,Vand the film thick-

ness was kept approximately constant at.250A9

The results of the experiment are shown in Fig. 5.12a - d, which is a series
of selected area diffraction patterﬁs for films grown at 80°% at'yarying bias

potential.
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The results clearly show that the application of a bias potential éhanges the
orientation of the deposit., Wheréas the film grown at zero bias showsvvery
little preferred orientation, that grown at -~100V bias is highly preferred.
For a bias of ~200V the film is virtually epitaxial, arcing of the spofs only
becoming apparent for the higher index planes. It is observed that application’
of a higher bias (~3200V) shows a ﬁrend to disorder égain. In this case it is
thought fhat physical damage to the growing film is induced by the eneréetic
ions. At -200V the energylis thought to be insufficientvto damage. The enefgy
nay be sufficient to re-arrange or to clean the substrate. This is discussed
more fully in fhe next chapter. The measured ion current:density for these

- experiments wésava9uA/cm2 (NlO14

ions/cma/sec.). The results presented in

Fig. 5.12 were observed for each temperature employed, the extent of the effect
being slightly varied owing to fhe contribution of substrate tempefature to
epitaxy, per se. The substrate témperature fequired for epitéxy‘atAO.42X/Sec.
with zero bias was_nét precisely determined, buf a fi;m growﬁ at'220°C and'zgrpA
bias was found to be epitaxial. It should.be ﬁoted that this temperature is
we11>below that quoted in the literétﬁre for'épitaxial growth of én evaporat§&"'
gold film (~270°C). This is in keeping with the results obtained for diod_é'-

sputtered silver. . | \

5.2.4. Island Density Measurements

_Qne of the.essential features of the Rhodin—WaltonQLewis theory of nucleation
(Chapter 2) is the establishment of, in the early stages of nﬁcleétion, a sat-
uration density of islands. As discussed in Chapter 2, this number is a function
'A.of nucieation rate and substrate temperature. In order tovgive an indication

of the relevance of this theory to the case of gputtering, it was necessary to;
perform experiments in which thé'iéland density could be established. Since
qoﬁparison‘with evaporation was essential, films of silver were grown on rock-
salt, as described in Chapter 4, lIt was necessary to perform these'expériﬁents

since all the Iewis experimental evidencg was for gold on rocksalt.
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Films were prepared by evaporation at a constant rafe (O.lﬂ/sec. - the lowest
rate compatible with sputtering deposition rate) for 70 and 140 seconds, to
give films of nominally 72 and 148.. A pair of films of these thicknesses were
grown for three substrate temperatures, 65°C, 9090 and 120°C. ,Time'did not
allow for a complete pldt of island density as a function.of time for each
temperature. It was assumed that the density was at saturation. dJordan
(private communlcatlon) had prev1ously found for gold on rocksalt that satur-

ation had been reached by'VIOA.

Similer films were also grown by diode and triode sputtering using the apparatus
shown in Png+15b .The diode arrangement was rather unconventlonal but was used
in this way to preserve as nearly as p0831b1e the same geometrlcal arrangement
for both triode and‘dlode experimenis. The system was calibrated 1@ each case
prior to the experimen£s to give a deposition rate of O.lﬁ/sec. The target
potential was-1500V. The substrates were vacuum cleaved;_and were heated by

a quartz-iodine iamé. In the jig.used, it was’oniy.possible to aeposit onto
one substrate pér pump—doﬁn cycle. The deposition time‘was‘120 secs. to give.

a nominal film thickness of 128.

.In all the above experiments, carbon;was evaporated over the deposits to fac-
ilitate electron microscope examination. The islend density was obtained by
.counfing an area of the resultant micrograph, at a known magnificatien. On |
seme.deposits, counting was hampered by loss of partieles during the film
removal process. However, the presence of particles was distinguishable from .
~ the depressions left in the overlaying carbon. Wherever possible counts were .

taken from more than one area of a given deposit, and an average value taken.

The results of these experiments are shown in Fig. 5-13 which is a plot of
saturation island density (log Ng) against reciprocal temperature; (c.f. the
method of Lewis in Chapter 2). The feature of the results is that there

appears to be no difference between evaporated and sputtered deposits, diode
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or triode. The points appear to lie on a straight line which passes thtough
,NS = lO15 (this is No according to the Lewis theory). The slope of the line
is 0.3eV, however the slope is fairly insensitive to changes iﬁ NS of an order
of magnitude. 'Also plotted on the graph is a point obtained at room temper-
ature for diode sputtered silver in the experiments designed to study the
varlatlon of structure with thlckness. The implications of thls curve are

discussed in the next chapter.

5.3. SEMICONDUCTOR FILMS

The results obtained from sputtering of metals showed that epltaxlal films
could be grown at low substrate temperatures. The posslblllty of the exten;
sion of this observation to the epitaxial growth of semiconductor films was
interesting. Semicdnductor devices iﬁ which diffusion areas had previously
been prepared, would not have those diffusions affected by the overgrowth of
an epltax1al layer. Also, if layers of various dopant concentrations could

Vbe grown epitaxially at lew temperatures, sharp junctions could be prepared._
This would prove particularly useful et high frequencies. -Present ﬁethods of
growth, e.g. vapour phase. deposltlon, requlre high substrate temperatures where

dlffu51on does take place, 50 precludingsharp 1nterfaces.

- The growth of semiconductor filﬁs ﬁas therefore investigated with the results '
'obtaineq from the growth of metal films influencingbthe inyestigatioh. The
material chosen for the most detailed part of the study was germanium. Attempts
were made with silicon, but oxidation proved troublesome in the early exper-

~iments. The. same trouble did not exist for germanium.

5.3.1. Germanium Films

The germanium target used for the majority of experiments was 7.5cm. diameter.

disc, 3mm..thick, supplied in polycrystalline form by Halder Topsoe of Denmark.
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The.discs were.mounted, using‘conducting epoxy, to a backing plate of aluminiume.
Vater cooling was found not to be nccessary at the pover ievgls-ﬁSed except in
the case of diode sputtering. The substrates generally employed were either
Qlll? germanium slices;‘or <111> Cr-doped GaAs (semi-insulating). Theée wéré'
prepared as dgtailéd in Chaptef Q? Single crystal AlZO 3, (1702) face, was .
also employed, mainly for electridal inveétigationibut a‘structural study wés
also necessary and was therefore carried out. ,Early'inVestigatién in the

diode system employed various substrates, as detailed below.

- 5.3.1.1. Diode-Grown Films

Germanium films were growﬁ by diode sputtering using exactly fhe same exper-
1iméntal arrangemen% as was employed for metallic spﬁttering. A number of films
© were growh on aif-cleaye& rocksalt surfaces at temperatures up to 400°C. The
deposition rate (determined from a glass monitor slide) wangO.7X/sec. On
examinéfion of these films in the électron microscope, they were found to be
amorphbus with somevcrystallinity appearing in the filmsvgrown at higher temp-
eratures. AHowéVer, considerationvof the vapouﬁ pfeSsure of NaCl at the highesf
temperatures indicated that the loss rate of NaCl from the surface was of the
same order as the deposition ratevof germanium. Thus deposition was 6ccurring

onto a continuously changing surface.

 Single crystalbcalcigm fluoride proved to be a more stable éubstrate and'oﬁe
which had been used by other investigators growing films by evaporation (for -
example, Sloope and’Tiller;ISGG).A.cleayed.<lll>_sqrface was employed and
deposition at temperatures ranging from 35000 tq SSOOC and rates of 0.9 to
1.48/sec. The ratesvwe:e.difficult to measurég either on the substrate‘or-oﬁ
a quartz monitor and exfrapélation from onli-two successful measurements was
‘therefore made. The resultent £ilms wﬁen éxamine& by glancing angle.or trans-
,mission diffraction showed increasing orientation with substrate teméeraturé;

however sihgle crystal films were not observed at the highest substrate temp-
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erature employed. This temperature (550°C) vas the highest attainable wifh the
tantalum strip heéter being used. Thé results, while not being coﬁclusiﬁe, did
show the expected trend5‘i.e. increasing epitaxy with increasing temperature
and/or decreasing deposition rate. Figurel5~14 shows the diffraction pattern
obtained from a film grown at 515?C'and a rate of l.lZR/éec. The films weré
generally rather poor in quality and this diffraction shows the best that was

obtéined.
_Since the results of bias sputtering of metal films showed epitaxy to be enhanced -
by application of a bias, a similar technique was employed for germanium on

2

optimum for the metal films) and films were'grown at temperatures ranging from

CaF.. A bias of - . -200V was applied (this being the bias found to be the

250°Cto 500°C and estimateq rates from 0.7 to 1.48/sec. The results obtained
did not show the dramatic improvement‘observed_for gold or rocksalt. Figure
5.15 shows a series of glancing angle diffraction patterns which indicated an
inprovement in the orientation with temperaturé. The rate was kept constant
for this.series,“i;e. 1;12/éec. ~ the same as for the zero-bias result of

Figure 5.14.

 The above results, while following the expected trend, were not epitaxial at
as low a temperature as was'hoped. In view of the calculatlons described in
Chapter 3, it was decided to investigate the deposition of sem&conductor films

by trlode sputterlng.

'5.3.1.2. Triode-Grown Films

Films of germanium were grown using the triode'sputtering»techniqué on (111) and
(110) germanium, the cleavage plane of Can, mlca, amorphous quartz and 51ngle
erstal»(lloa)'sapphlre. The preparatlon of the substrates prlor to dep051t10n,
ané the deposition technique are discussed in theAprev1ous cnﬂter. Since it is
dlfflcult to remove the films from the substrates follow1ng deposmtlon, glan01ng

angle electron dlffractlon was uscd throughout for fllm examination.
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Film deposition at several ion current densities was studied and it was found
that the deposition rate in all cases decreased with increasing substrate

temperature.

5.3.1.2.1. Ge/(111) Ge

Figure 5.16 represents the results for Gé deposited on (111) Ge for ion
current deﬁsities-ranging from 401- 309uA/cm2; as a piot of growth rate versus
substrate temperature. Distinction is also made on the graph between single
crystal, polycfystalline and amorphous films, as judged by electron diffraction. B
A boundary can be dravn between eaéh region as shown, and also between twinned
and non-twinmed single crystals. These distinctions between the regions of
crystallinity are, by their very nature, ill-defined. An egact transition -
clearly does not occﬁr.; The fesuits show, hqweVer, that the temperature at
which epitaxial films may be‘gTOWn is rate dépendept and is lower for lower
‘rafes. The significance df the rate and-température effects on epitaxy in the
triode system is dizussed in'the next chapter. Typiﬁal diffraction results

are shown in Fig. 5.17 - 5.20 for Ge or (111) Ge, for four current densities.

The paﬁterns correspond to the points indicated on>éach grovth curve in Fig. 5.16.
Some of'the results do not show ﬁp very clearly‘in a photographic print, part-
icularly the amorphous stage where the Qiffraction_pattern consists of a very
bright central region with two diffuse bright bands fairly close to the centre.
The diffraction patterns do, however, clearly show the increase in film per-

fection with increasing temperature or decreasing rate.

Comparison of the triode results with those from diode or biassed-diode depos-
itions shows that at similar conditions of rate and temperature, the triode-
grown films are more oriented. However, more rigorous pre-deposition cleaning

of the substrate was employed in the triode expériments.
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Since it was not possible to remove the film from the subétrate for electron
microscgéic examination, a replica of the surface was made using a.Pt/C
shadowing technique. This is described in the preyious Ehapter. A replica
obtained from a film grown at 400°C or (111) Ge at a rate of 1;1K/sec. is
shown in'Figure 5.21.  The growth is similar to that observed for silicon
grovn on silicon by vapour phase deposition (Booker and Joyce, 1966}, i.e.
large triangular shaped islands; The density of those islands with.crystallo—

8 cm°. This is an order of magnitﬁde

graphic shape is found to be~5 x 10
greater than the highest observed by vépoﬁr phase deposition of Si on Si
(Joyce and Bradley, private communication). The part of the substrate which

was protected from the depositing atoms during growth was observed to be

virtﬁally featureless, apart from a few polishing scratches.

The number of replication experiments carried out aid not allow iaentificationf
.0of the inclined pianes of the truncated tri-pyramids. However, certain planes
could be eliminated frbm'considerations of estimated island thickness. This
estimate is obtained by measuring the length of the inclinéd plane projected
on the interface plane and calculating the height. from the known angle between
the,planes; The inteffacé plane isﬂassﬁmed to be (111) and if the incliné&

planes are also (111) then the calculated island thickness of the islands is
AﬁOOOﬁ. |

Since the expected "film" thickness derived from the deposition conditions is
EOOE,.such a calculated thickness is exirémely unlikely. However, if the
planes are assumed to'be (311), as  has béen suggested for Si or Si then the
calculated island thickness is 7002. A surféce coverage of one third is
estimated ffom the micrograph, thus giving an.overall "£ilm" thicness of*~2303;

More detailed studies mre obviously required to establish this beyond doubt.
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Very little evidence of double-positioning (inversion) as observed by Booker
and Joyce, has been observed in the fepliCas obtained. Such inversion would
lead to twin formation. In the film from which Fig. 5.21° . was taken, no

twinning was observed by electron diffraction.

5¢3.1e2.2. Ge/(110) Ge

Films were also grown by identical sechniques on (110) germanium substrate
faces. The study was not so extensive as for gfowﬁh onto (111) Ge. The
results from films grown at 399uA/bm2 are shown in Figure 5.22.. The films
‘are polycrystalline with preferred orientation, -the preferred orientation being
(110) depositAy.(lIO) substrate. The trend is the same as for the (111) grown
films, i.e. increased orientation with increasing temperature. Comparisen ofb
. these results with Figure 5.20 show ﬁhat the epitaxial temperature isvlower

for (111) growth than for (110), probably due to differences in the surface
atom arrangement and the energetics of the system.A Figurel5.23 is a diffract~ .
ion pattern from a film grown at 209uA/bm2 at #OO?C, This can be compared

with Fig. 5.19 giving the same conclusions as for the films grown at a faster

) fate, i.e. higher erientation for higher substfate temperatures/low deposition

rates.

5.3.1.2.3. Ge/CaF,

In erder to compare the results of films grewn by sputtering with those obtained
by other workers employing evaporation, (e.g. Sloope and Tiller, 1965;‘Krikdrian
and Sﬁeed 1965), films were grown on the cleavage face of CaF - (111) It was
hoped that these fllms might also prove useful for electrical measurements, but

- unless the fllms were”i%g thick, cleavage steps in the surface (up to 10008 in

depth) were found to preclude such use.

Direct measurement of film thlckness was not pos51ble so the thlckness was

assumed to be the same as for growth onto Ge substrates. The results for fllms
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grﬁwn et a current density of IOQﬁA/cmZ ere showm in Fig. 5.24 for a sQries

of substrate temperatures. TFig. 5.25 is a vreplica teken from the'film whése

diffraction pattern is shéwn in Fig. 5.24(c). .Tﬁe island:dénsity,'s x>109 em 2

is an order of magnitude greater than tﬁat for Ge on Ge, though it.isvstill

two orxders of magnitude less than-that for metals on rocksalt. |
Coﬁparison of ﬁhé fesultslwith those:given'in Section 5.2.1.1.‘shows that

the temperature‘réquired for epitaxial growth on CaFZ is lower fTor ffiode

gpuﬁtering than fof diode sputtering, evén if biessing is émployed in the

latter case.

5.3.1.2.4. Ge/mica and Amorphous Quartz

In order to provide a "steﬁ—free" substrafe, Tilms were depositea on
air-cleaved mica, but only partial orientation could be obtained. Temperatures
up to 400°C were used ﬁith an ion cufrenf density of 50/uA/bm2 (froduciﬁg a
'depbsition ratg of approximafely O.SR/sec, at roow temperature and O.lx/sec.

“at hOOOG). VMuscovite mica was employed aé the substrate but this naterial was
found to exfoliate above &5000. |

Deposition onto smorphous quartz was also carried out, since Wolsky et
81 (1965) had reported that all his électrical me asurements Wére cérried ou% |
bn £ilms grown onto this maﬁerial. Wiolsky found some preferred orientation to
" ocecur. Deposition in the triode system using exactly the same techniques as
for other substrates, showed that some preferred orientation could be observed
at temperatures.above ZOOOC, but in geﬁeral the films‘weré nof as ﬁell oriented
as thé films grown on mica.

Since it did not prove possible tb grow highly oriented films on either .
of the above substrates, fgrther study was halted. It was felt that to correlate
electrical properties with structural characﬁeristics, amoxrphous, polycrystalline

and epitaxial films grovn on the same type of substrate were needed.
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5.3.1.2.5. gggA1203
In order to £ulfil the zbove requiremeﬁts, a crystalline substrate which
could be.obtained in s éoiished form and wiﬁhstand reasonably high tempere-
tures was necessary. ror elecirical measurements, an insﬁlat;ng substrate
was preférable. Single crystal A1203 was therefore employed, the index of
the polished face being (liOZ). This plane 1s the one employed most
. successTully for epitaxiel growth of 81 on Si.
Since the main purpose of the investigation was to be an examination

of electrical properties, films were grown at a single ion cur‘reh‘c density
(200/&&/6m2)._ The gfowth curve is shown in Fig. 5.26. . and all f'lﬁs for
electrical examination'were grown according to this curve. The diffracfion
patterns shown in Fig. 5.27 (a) to (c)yare for three films grown at
increasing temperature énd agéin show ‘increasing orientation with incréasing
- temperature and/or decreasing rate.. The temperature at which the poly-
crystalline ring pattern gqve way to a spgﬁ pattern was ~42500. The spot
pattern was not of single orientation but consisted of a mixture of two or
three orientations; The teuperature of 425?0 cannot be considered strictly
as the epltexdial temperature for fhese*conaitions. It will be_réferfeduto,
in Chapter 7, ih discussing.the relationship between électrical properties
and structure, as the "ordering témperétureﬁ. The diffraction patterns show

the £ilms to have a lot of twinning and double diffraction effects.

5.3.1.2.6. Ge/(111)Gahs

Since elecfrical neasurements vere not possible without complicated‘.
analysis of the results, on Ge Tilms grown on Ge substfates, it was felt’
desirable to deposit onto = semi—iﬁsulating material of very similer crystal
structure, This was to vgrify that it was reasonable to make some correlation

belween goneral structural results for Ge on Ge and electrical results

obtained from Ge on £1,0;. Semi-insulating (Cr-doped) Gahs wes aveilable
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A ol ]

;eble, and Tilas wrerae thersfore growa on cut and polished (111)

surfaces of this material. Growth curves were not established, but similar

e J

current densities gave similar rates as for Ge on Ge or Alzo £

films

. The
3]

vere epitaxiaz). under conditions: similer to Ge on Ge. Glancing angle

diffraction patterns are shown in Fig. 5.28, and may be compared with
Pig., 5.19. The electrical results given for these films in Chapter 7 were
very similar to Ge/AIZOB,IWhich was some justification for the uss of A1203

substrates..

5.4. LOV PRESSURE SPUTILING
5.1, General

Concurrent with the examination of elemental germanium films, it was

3 in

v

felt desirable,to examine cémpound filﬁ;. Tor the reasons discuss
Chapter 3, spﬁttering.affords the possibility of growing compound Tilag of
knovm counposition directly related o the composition of the starting
material.

The apparatus used for these experiments was the low pressure type
described in Section 4.2.3. of Chapter L. Calculétion of fhe efTect of
residual pressure on energy attenuation of the ejected target atdms,
described in Chapter %, showed thére to be little difference between low
‘pressure (10-4 torr) and triode (10'.5 torr) sputtering. The edventaze of
the lov pressure systeﬁ lles in the reduced rale of arrival of unwantéd
species at the subsirate. Gas entrappment should therefore be reduced.
Hoﬂéver, the differences were thoﬁght fo be flew between films grown in the
two types of system; As a test for this, é-germanium film was grown on
(iiOZ) A1203 under similar rate and temperature conditions to those vpertain-
ing to a filn grovn under triode conditions. The diffraction pattern of

Fig., 5.29 from a £ilm growvn at SOOOC and O.BK/seo. indicates if anything a

slightly higher degree of perfection than was obtained from triode sputtering.
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Time did not a2llow & fuller investigation to compars the two technigues,
.since the exercise was intended to study the feasibility of compound semi-

conductor deposition.

5.4.2, Qomnound semicdnduct@rszyérious substrdtes ‘ | . .
Pilms of InsSb, Gads, Bi2Te3, FoTe and C&5A52 wefe deﬁosited onto
substrates of Mg0, NaCl, 0932, glass and mica. All the materials si:u‘ctered
very readily and Table 5.1. shows the rates obtained for each material

sputtered énto glass with the conditions indicated.

TABLE 5.1.

Substrate Temp. | Ion Current Target Pott Rate
°c Density nA/cm - Uslts L/sec.
InSb 50-325 0.1~1.5 1,000 - 0.13-2.5
Gals 250=3L0 . 1 1,000-1,500 | 1.3 =1.67
Cdzhso 25~ 80 : 0.5-2,0 1,000 0.37-1.25
PbTe 200-300 1 1,500 1.7 =&.3
BisTes : 100-200 0.5 ' 1,500 5.0 7.1

The electron diffraction results from filmé'grown on NaCl or Hig0
show that £ilms caﬁ be grown whose structure‘ané comﬁosition is that of
the starting material. Typical diffraction patiterns are shown fbr each of
the above compouhds in Figs. 5.30 to 5.34. The patterns for InSb and Gads
were obteined in the electron diffrasction camera. They are therefore
general area patterns but for plate measurement they are more accurzte.
For InSb, the results show the péttern‘to be due enbirely to the-cbmpound
material of the correct 1attice spacing (aluminium was used as fhe standard
reference to obtain the camera constant ). In the case of Gahs, which was
polycrystalline, at all temperatures, %heré ére a number of ofher unidentifi-
able lines in addition to those due to GaAs which may pOSSibly.be double
diffraction effects. They are not due to eny oxide or to free Ga or As,

ascertained by measurement of the diffraction plate.
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The high ﬁolatility of the components of CdsAsy led 4o & meximum
temperature at which films could be depositedl There were visible differ-
ences between films grown~above and below 10Q°C. tbove 100°¢ the films
were trenslucent and milky whereas below 100°%¢ they were métallic and
opaque. Measurement of film resistance on the two types of film showed
that of the high temperature £ilm to be several ofders of magnitude higher
( 20 I ohm as compared to 200 ohm). Because of this temperature limitation |
~epitaxial films could not be grovn on mica., In all cases, for mica and
glass substrates, the films viere polyerystalline or aﬁorphous.

Lead telluriae réadily formed an epitaxial layer when deposifed on
rocksalt, as it also does 5y evaporation. The degree of perfection increased
with temperature és would be expected. Agéin there was no evidence in the
'diffraction.patterns of free Te or.Pb. Bismuth telluride, as Table 5.1.
indicates, had a very high depositioﬁ fate. Even et these high rates the
résultant fiims showgd preferred orientation when gfown on_rocksalt; The =
perfection seemed o be greater at 100%C then ot 200°C but, since Bi is
fairly'volatile at the latter temperature ana the growing fiim therefore
unstable, this is pefhaps‘not surprising. ’At 25006 no film was_found:on‘

the substrate even after prolonged sputtering.
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'CHAPTER VI

DISCUSSION OF STRUCTURAL RESUITS

6.1. INTRODUCTION

This Chapter is devoted to a discussion of the structural results
detailed in Chapter 5. Followiné a discussion of the contributioﬁ of the
sputtering environment to the growing film, the effects of arrival energy are
discussed and evaluated. A model is proposed in terms of the possible effects
of direct impingement of ene?getic sputtered particles on growing islands.

The most likely sources of energy are then discuésed. The results are eval-
uated in termé of the experimental conditions and the pﬁopoSed model. Com-

parison is drawn between these results and those of other investigators.

By far the most'detailed‘study of the pheﬁomenOn of epitaxy has been
carried out on films prepared by vacuum evaporation;‘ This was mentiéned ih
Chapters 1 and 2 and the references cited therein contain an adequate dis-
cussion of the early work on the subjéct. It is intended therefore to dis-
cuss only the ﬁore recent work hefe, particularly that which has fhe most

relevante to sputtering.

Since the work of Bassett (1960) and others showed the éarly stages of

. growth to be an island étructure (see'Chapter 2), work has centréd'afound the

investigaﬁion of thé iﬁitial nucleation of materials ohto a variety of sub- ‘.
strates (genérally NaCl) in an attempt to establish a reigtionship between

the rate, temperature and energy relevant to the experimental.cbnditions. The
theories which have met with most experimental éucceés arg detailed in Chapter
. 2' |

The followiﬁg disqussion is confined to the growth of thin filmé By

sputtering and a coﬁparison where applicable to similar films grown by evap-

oration.
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6.2. .FEATURES SPECIFIC TO SPUTTERING

As has already been emphasised, the energy of ejection of sputtéred
particles is very much greater than the energy of thermally eVaporated.atoms.
This energy may be aitenuated by collision of the sputtered atoms with gas
moleéules as shown in Chapter 3, tﬁe degree of attenuation'dependiﬁg upon
the discharg¢ gas pressure. Also of extreme imﬁofﬁance is the effeét of
charged particles on the nucleation and/or growth of the sputtered filﬁ. A
number of authors have shown electrons to have a significant effect on the
crystalline perfection of.epitaxiél films,_particularly when deposited on
rocksalt. - It has been the purpose of the present work to examine films grown
under .conditions of varying energy and charge in an attempt to separate the

two effects.

V.In the diode system, there are as many electrons 5ombaréing the anéde
sﬁrfaces as there are ions bombarding the target. At the current densities
_employed in these experimentsv('VlOQpA/bmz) the electron flux was therefore
10%% - 1915/bm2 at energies up to 3keV. The effect of energy of arrivel of
the spﬁttered_particles is shown from Chapter 3 to be the least for fhis sys-
tem though still significant in compaéison‘to eﬁaporation. In the case of

bias-diode sputtering the electron bombardment of the substrate is supplemented

by positiveé ion bombgrdment.

In triode sputtering howeyer, direct bombardment of the éubétrate by
energetic electrons is véry much lesé'since the substrate and its support are
‘introduced as anvearthed probe into a discharge potential of not more than 6ov.
Also with the presence of an axial magnetic field to constrain the electrons
away from the chamber walls, the effect is further reduced. The current density
measured at the substrate was found to be not very informative since; depending
upon the discharge conditions, there could be a net flow of ions or electrons
to the substrate. Generally, however, with a discharge fresent and sputtering

occurring the current density was}u;pA/cmZ,,i.e. 1012 - lO13 electrons/cm2 net. .
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Thus‘the.conditions.were those of low density, low energy bombardment. The
arrival energy ofvthe sputtered particles however, was extremely significant.

At the pressuré used in the normal triode system (¢/1.1077 torf) a large
proportion of the ejected atoms arrive at the substrate with little or no
cnergy attenuation. It is thought %hen that, rather than dealing simply with
the same processes in each system, one being at a lower pressure than the other,
there are two distinct mechanisms operating. The two mechanisms may be recon-
cilable in terms of Rhodins active site theory, discussed in Chapter 2.‘ Bias

sputtering probably combines both mechanisms.

The effect of charged particle fombardment on a sufface hasvbgen'widely
studied in relation to its effect on a film growing on the surface. In extrenme
cases of electron bombardﬁent of a rocksal§ surface by electrons ~ as in.the
case of electron microscopy, the surface is completely dissociated. The
effects of low energy electron irradiation of alkali halide surfaces and the
modification of cpitexial nucleation and growth have been demonstrafed by

- Stirland (1967) and Rhodin et al (1968) and are discussed in Chapter 2.

6.3. ARRIVAL ENERGY EFFECTS

The arrival energy of the sputtered atoms can manifest’itself_in various
ways. Energetic particles may (1) penetrate the lattice upon which they
impinge,’(Z) cause locai heating of the substrate by energy tfansfer, (3) directly
impinge upon islands or groups of atoms of the growing film thereby;trénsferring
encrgy to that group and (4).directiy.impinge upon contaminant atoms so as to

dissociate them from the surface.

6.3%3.1. Lattice Penetration

Penetration can occur either by direct displacement of a lattice atom
into a vacancy or interstitial position or by way of opén channels in the
lattice. In order to displace an atom from its lattice position into an inter-

stitial position a bombarding particle must transfer energy of the order of

the displacement energy. For most materials this is 20-30eV. At a deposiﬁion
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rate>of O.lﬁ/sec., the number of atoms arriving pér square centimetre of sub-
strate per second is nqlo;h. If the nunmber wiéh energy above 20eV is only 0.1%,
the density of such at the substrate is 10%%/om°/sec. This figure is of the
same order as the observed island density in films grown on rocksalt. In the
case of diode sputtering in which conmsiderable collision occurs between target
and substrate, the ratio of highAenergy particlés (i.e. >28eV) is ~0.1%, deduced
from the attenuation curves of Chapter 3. Thus there is a distinct possibility
of lattice penetration by displacement even for the case of diode sputtering.
In the case of.triode sputtering operating at reduced pressure, the propoftion
of high énergy ( ¥28eV) particles is 41%, deduced from the same cufve. The
probability of lattice penetration is thus greater. There is at present
insufficient evidence to show that penetration does occur in the sputtering
environment though it is claimed to be shown by Chapman (1968) using highly

energetic sputtered particles from a single crystaltarget.

Thé second means of penetration is by way of open channels in the laftice
exposéd to thé spufteréd particlés. The range of penetration will depend upon
the ratio of size of the lattice atoms and bombarding atom. If the~fatio is
favourable, ?enetration could be long range. If the bombarding atom is larger
than the channel upon which it is incident; it may be possible for the lattice
atoms to be displaced by a small amount in order to let the bombarding atom
through. Thus the range of penetration will depend upon the incident energy.
For o simple cubic lattice, channels exist along the.<bOI> and there are as
many channels as lattice rows. For the came of a bombarding atom of the.same
aiameter as the lattice étom the displacement of each atom is approximately
0.3 times the lattice pérameter. The enefgy required to displace a lattice
atom by only O.Béd is approximatcly half the displacenent energy.‘-Thus there
is a feal poséibility of lattice penetration by sputtered atoms to be at
least thg depth of one atom layer by this process. This form of penet;ation
is of crystallographic régulgrity and may give rise to local nucleatién

centres, as discussed by Rhodin (1968).
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6.3.2., ILocal Heating of Substrate

Vhen an energetic particle strikes a sﬁrface, it.may tranéfef some or
all of its kinetic energy into lattice vibrations in the substrate; The vib-
ratidnsvwill decay with time and with distaﬁce from the point of impingement.

. This type of mechanisms has been investigated by Nelson (1965) in relation to
sputtering and is known és the ”fhérﬁal spike." Nelson Shbwed that for GSkeV
argen ions bombardiné a gold surface, the ;adiué of the thermal spike, or hot |
region, is ~100AS The lifetime and temperature of the spike are given as

v1o™H

secs. and #600°C respectively; It Neisoﬁs results can be extrapolated
to lower energies (10-100eV), typicél of sputtered speéies, the thermalAspike
region would Be‘expected to be very small. In nucleation theory the typical
lifetime of single atoms is lO—;Ll secs._and.fbr paifs of atom_s“lO”8 seCs.

for local heating of the sﬁbstrate to be of importance, temperature changes

of ~50°C would be necgssarj; which Cannof be'envisaéed for incident energies

of only ;O-lOOeV. It is therefore concluded that this type of mechanism playsi
no part in the film gfowth. Experimental support for this conclusion was
obtained_using a fine wire thgfmocéuple to detecf tempéréfure rise. At the

rate of deposition used (101“ -~ 10%°

atoms/bmz/sec).no temperature increase was
observed above that due to the discharge itself. This was found to be true for

all sputfering modes employed.

6.3.3. Direct Impingement onto Growing Islands
Clearly, at an island density of a10tt per Qma and an atom arrival rate

L

from the'target of a{lO1 pgf e’ per sec, there is a finite probability of
‘diredt impingement. The outcome of the impingement depends upon the distrib-
ution of the kinetic energy of the sputtered aﬁom through the growing étom
cluster. When the cluster is very small, the probability of it being struck
© 15 vefy émall also but the result Qould be one of ﬁotal destruction of the
cluster. |

The rate of increase of island size can be approximately determined from

nmucleation theory. For the case of nucleation on rocksalt, the captufe'rate
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of single atoms by a cluster is initially R(Ma/No) where R is the impingement
rate, Ha is the catchment area (definea in Chaptef 2) and No is_the equilibrigm
number of sités. This assumes growth by'surface migration only and is also

only true for the case of non-saturated nucleation. For rates of impingement
bfnulol‘ atoms /cm /s»c. (2 0518/sec.) at T = 400°K the capture rate is ~10°
atéms/bec. The number of atoms increases linearly until‘the capture areas over-
lap at which point, due to competition for atoms, the capture rate decreases..
When the island size becomes significant the capture azrea for each island and
hence the capture rate, will increase with islend size. Eventually coalescence
will occur and the rate of coalescence will be size dependent (Pashley 1965).

4 plot of the number of atoms ver island as a fﬁnction of time will yield a
curve of the form shown in Fig; 6.1. The projected area of the islands will
follow a similar curve Fig. 6.2. but the actual shape of the curve is more
difficult to determine since it depends upon the thrée-dimensional shape of the |
islands ~ i.e. whether the islands are hemi-spherical or plate-like. - Aslthe
island increases in size atoms will also be added b& direct impingement from the
beam, This will modify the shape of the curve for large values of t but will
not affect the general argument. More important is the energy transferred from

the impihging atom to the atoms in the island,

The mean energy of the sputtered beam is E ev per atom. Stuart (1962) énd
others have shown thls to be/VBeV. If the aep051tlon rate is R atoms/cm /sec.
(assumed equal to the eaectlon rate) the energy input to the recezver surface
is E_x R eV/cm /sec. The energy input per island ;S'E,x Rx A eV/sec., where.

A =}Tr2 = the M"island" area (r = collision radius of atom on island). There‘.  
are two regions of interest in this proﬁlem.. Initially, when the probabili£y 
. of collision is smail, the number of'atoms.per island is also small. Thus when
"a collision does occur the isla#d will suffer severe damage and will probably

‘be destroyed. The probability of collision is given by :

P. = A, x' R x ,Ti whereAAi = Area of island size 1
: Ti Lifetime of island size i.

i
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Agsuming R = 10 t atoms/bmz/scc., the probability can be evaluated for islands

of various size.

When 1 = 2 its lifetime is NlOTg secs (Chapter 2) giving a value of
Py of n&O*g. Thus‘ normal nucleation can proceed with only a very small number

of islands being destroyed by direct impingement.

When i = 10,’theklifetime is long (aéproximately given by the inverse
of the capture rafe, 4&0“3 sec). The probability is ~10“3 which means that
one island in 1,000 will receive a pulse of energy E. The energy per atom is
M0.5eV -vsﬁfficiént to destroy the island. Thus the number of islands of size

i = 10 is reduced by 0.1%.

At i = 100, the lifetime again approximates to 1077 secs. giving a value
of Ps .vlo'z. ‘The energy per atom is only 0.05eV which is unsufficient to
destroy the island but it may be sufficient to damage the island, due to var-

iations in atomic binding with position within the island.

Thus as the island size increases the probability of it being struck by
an impinging atom increases. Initially the probability is very low and nuc-~
leation and growth can proceed to theistage where the probability'bécomes
appreciable and may result in tﬁe loss of islands by destructioﬁ. The number
,of islands of z given size will thus be less thaﬁ tﬁat if the impinging beam
were ofjlow energy. At still larger island size, the probability is inéreased,
élmost to unity, and the energy per atom falls to a value too low to cause

'dissoqiation though atomic displacement may occur leading to defects.

The second region of interest is due to the relatively small energy
required to move an island as a whole in relation to the substrate. Evidence
for rotation has been given by Pashley (1965) and also Matthews (1965). Thus,
taking the above arguments“é stage further, the energy perisland will increase

with island size. The energy required to cause an island to rotate is difficult

L)
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to cstimaﬁe but one might expect it to be fairly large initially, when étoms
are located in potential troughs in the substrate. As the number of atoms in.

- the island increases the atoms will tend not to sit in potential troughs. If-
it is proposed that epitaxial island orientations are the low energy states
then the island will tend towards this state. At'lafge island sizes the lowest
energy state of the island may not be the epitaxizal state. This is becaus; the
misfit is such that, while séme atoms may be in an epitaxial state other atoms
are not with the ﬁet result that the energy is not a minimum. The proportion
‘of islands receiving a pulse.of energy'increases.with island size as the
probability of collision goes up. As indicated above, at i = 10 the number of
islands directly impinged upon is only 0.1%. At i = 1000 approximately 1 in 5
will be struck. This is an island diameter of 1503. It may be concluded that
reorientation of the growing islands will occur and may be significant in
promoting epitaxial growth. The condition is that in which the probability of
an island of radius r being struck by an energetic particle is a function of
the fate bf‘arrival of the energetic particles and the lifetime of the island of
radius r. 'Figﬁre 6.3, ié a plot of the mean energy per island és é'functi§n

of island radius. The mean energy pef island is defined as

EMEAN(r)' = No. of islands of size r receiving energy, & X B

Total number of islands of size r

Also'plotted is the energy required to move the island relativé to the
substrate. This will tend to decrease at first and then increase .as the island
~ becomes very large. The shape of the curves in the figure is for illustration '

purposes only.

,.The interpretétion of fipure 6.3; should be that as- the island siie
increases, the propbrtion of islands receiving sufficient énergy'to move to aﬁ
epitaxial position iﬁcreaécs. The overall orientation of the filﬁ'would thus

be expected to be initially leycrystalliﬁe'di a given rate becoming increasingly'

epitaxial as the thickness incrcases. The resulis shown in Figs. 5.8. - 5.11.

ghow that orientation does indeed improve with thickness.






6.%.3%3.1. Rate Dependence

The effect‘of incereasing rate of depbsition is to both'increase the
energy density at the growing film and to decrease the lifetime o the island
of radius r. Since the capture area increases with island size, the.capture
rate will also increase at a rate éaster than linear. The effect_of increasing'
deposition rate is thus to displacé the energy per island curve in Fig. 63
towards high island rédiué, as shown. In_extrémé cases, the probzbility of
the island of size r receiﬁing ;ufficienf energy to move fo an epitaxial
~pogsition may be zero, i.e. the film is growing too rapidly. At low rates,
the mean energy per island is higher and the islands have a higher probability
of moving tq an epitaxial position. Low razte behaviour is a little more diff-~
icult to.predict since other mechanisms such as conﬁamination, re-evaporation
etc. become involved. Hohgver, fbom the above argument it would be expected |

that at low rates the epitaxy would be observed in thinner films.

6.%.3.2. Temperature Depehdence

- The effect of temperature is of secondary importance in the above arg-
ument. Its main effeét is to determine the initial orientation during the
nucleationvstage; At the temperatures employed in sputtering thé nucleation
is largely non~epitaxial. The effect of substrate temperature would be greatest
at the nucleation stage in détermining theylifeﬁimes of clusters of a certain
- size. At‘the later stages the contribution of temperature to the energy required
for island motion is small. EHowever, if the initial nuclei are in-eﬁitaxial
positions, the probability of the resultant film being épitaxial is greater.s
High substrate temperatures will also encourage the anmealing out of defects.

It is thus seen thét epitaxy‘will be enhanced by increasing the substrate
temperature but the méchanism is not that normally associated with épitaxy oy

evaporation.
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VThe above model therefore accounts for the obéerved trend of increasing
orientation with increasing thickness, increasing substrate témperature‘and |
decreasing rate. It is proposed therefore, particularly for.the systems in
which there is little atteﬁuation'of the partiéle enerpgy between source and

substrate, that epitaxy by sputtering is fundamentally a growth phenomenon.

The effect of direct impingement onto groups of contaminant atoms is

discussed below in Section 6.6.

6.4. SOURCES OF ENERGY

The above discussion‘assumes the impingement of energetic particles onto
tﬁe growing islands. There are Seyeral possible sources of energy and the
relative impoftaﬁce of each type is dependent upon the probability of their

occurence.

(a)  Energy from the sputtered beam.

| Already this source éf energy has been widely discussed. The energy
distfibution of the sputtered particles is a "long-tailed Maexwellian" with a
mean enefgy of 5-10eV and a maximum energy of up to 50eV. The maximum is
dependent upon.the incident ion energj and may be éeveral hundreds of electron
volts at ion energies of '50keV. However, at the idn enefgies employed in
these experiments (1.5 - BkeV), EOeV is thought to be a reasonableestimate.
The figures employed in the section gbove are based on E = 5eV, though clearly
the argumeht is to orders of magnitude only. The effect of attenuétion by the

gas enviromment is fully discussed in Chapter 3.

(b)  Recombination Energy

In the presence of a glow discharge, be it thermally assisicd or not,
the ions in the region of the substrate do not experience high accelerating
fiélds avay from the substréte. There is thus a probability of ions, moving

‘with thermal velocities, bombarding the substrate and the growing film. The
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thermal enerpgy of these ions.would notof itself produce any effects such as
thoseAdescfibed above. However, if aﬁ ion were to recombine with an eleétron
at the substrate or, more importantily at a growing island, then the ionisation
energy would be‘given up to the island. Thé flux of thermal lons is<ég per
unit area per second. For argon gas at 10-3 torr there arefv1015 atoms/me.
Calculation hau shown (Chapter 3) that the ratio of gas atoms to ﬁas lons is
»104:1. Thus there are ~&Oll iona/cmB. Assuming a mean thermél veiocity qf'
Nk.logcm/sec. this results in a flux of 107 ions/cm%/sec. at the substrate.
"There is also, in the diode case, a flux of electrons bombarding the substrate
of similar magnitude. t would be reasonable to expect ‘therefore that therelwill
be.charpge recombination. The extent.of the recombination however_is difficult
. to determine. Reéombination within a growing island relies upon the island
being negativély charged. 'The probability of the island being negatively
charged.is notveasily calcﬁ;ated but is expected to be fairly low. Thus the
effect due to recombination is not thought.to be of major‘importance. This
view is supported by the féct that in triode sputtering thé ions and electrons
are constrained by the magnetic field so that the flux of ions and electrons
at the substrate is much reduced, yet epitaxy is still promoted at lowér

temperature.

(c) Metastable States :

In a glow discharge environment, there is a distinct probability of
there being a large number of excited bub not ionised atoms of the discharge
.Sas' These are non~-charged particles which have an excitation_life~time.aﬁd‘
their energy is in the form of potential energy. They may decay on the sub-
strate giving ﬁp this qnefgy to the substrate lattice of to the growing film.
The excitation energy for the metastable state of argon is:{lleV 4 clearly.
sufficient to affect the growth. The number of metastables can be calculated -

of excitation ‘ ' S
from the probabilitw/whiCh.is a function of the excitation cross-section. The
flux of\mctastable% towards thé.substrate may be of the same order as.the |

sputtered atoms. However, owing to their short 1life the number actually
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is at

e

réaching the substrate and giving up their energy is much lower. Vor
present in progress (Cozens 1968) in order o determine the precise effect of

metastable states in growth by sputtering.

(da) High.Encrgy Heutrals

The concept of high energy neutrals is based upon energy exchange whereby
an energetic charged particle transfers its energy by exchange interaction with.
an uncharged particle. There is some evidence to show the existenco‘of such
particles in the sputtering environment ( ") but it would be
expected thai the energy of the particles, -which may be as high as 1000eV, would
cause severe damagé in the growing film or the substrate itsélf. Thus while
recognising the existence of the mechanism, its appliéation to the process of
ilm growth must be treated with caution, since insufficdient is known about the

relative numbers and the energy distribution of these particles.

6.5. DISCUSSION OF RESULTS

The charactefistics of the various methods of deposition can be summarised
as foilows :
(a) Diode - High gas pressure, therefore attenuation of energy
by collision.
High flux of energetic electrons at substrate.

High thermal ion flux.

(v)
Triode and low - Iow gas pressure, therefore sputtered particle energy
pressure virtually unattenuated..

Magnetic field reduces electron and ion flux at

substrate.

(¢) Biassed Diode -~ As normal diode, plus relatively high flux of energetic

positive ions at substrate.
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6.5.1. Semiconductor Films

The results given in Chapter 5 show that for the case of germanium grown
on germanium the epitaxial temperature is lowef by triode than‘by diodé sputter-
ing. Indeed epitaxial films could not be grown by diode sputtering below about
550°C. A pood deal of work on the‘gréwth of diode sputtered germaniumn films
has been carried out by Krikorian and Sneed (1968). An interesting fact to
emerge from their work is that, for a given growth rate, the epitaxial temper-‘
ature decreases with increasing bombarding ion energy. High inéident ion energy
inc}eases the number of high energy sputtered particles thus increaéing the
possibility of island movement due to direct impingement. Secondly decreasing
current decrcases the epitazdal ﬁemperature. Since the means of loweringAthe‘
current was to lower the gas pressure, the result wasAto lover the degree of
attenuation of the sputﬁered pértidle;. Krikdnién and Sneed obsefved that none
of their sputtered'films were epitaxial, for a given rate of'depééition, at.a
lower substrate temperaturérthan those grdwn by evépqrétion.. This would;seemlto
contradict the hypothesis of the energy being the important factof.since evaﬁil
orated atoms are ofllow energy. Kfikorianrconcludes that‘it‘is.the gas'preséure-“
at deposition which is important. However, the friode reéults.show that a lower
epi{axial temperature can be obtained éven éﬁ'a gaélpressure of 1?' Also,v
Winters and Kay have shown that in‘fact the percentage gas incorporation in a
growing £ilm decreaées with increasing gas pressure. This unexpected resﬁlt
contradicts Krikowrians conclusion that the epitaxial temperature is a function
of gas pressure per se. The point about Keikorians work is that epitaxy is
~enhanced b& inereasing the arrival energy at thg substrate. The apparent
anomaly of fhe lowest epitaxial temperature.occcurring for.evaporated atoms nmay
possibly be explainéd in terms‘of'the residual‘pressuré, i.e. contamination.

The evaporation pressure was NlO'—8 torr while for sputtéring it was only zulO-e to.rr.
Fig. 6.%. shows the results described in Chapter 5 superimposed on the curves

given by XKrikorien. It is clear that evaporation is not the ultimate even,
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though it is a lower background pressure. The activation energy for.epitaxy,
defined by Krikorian as the slope of the lines in Fig. 6.4 is lower in the case

of triode sputtering than for all others. This would imply that, since the
activation energy is defined in terms of substrate temperature, énergy'is suppiied
from another source in ofder to overcome the epitaxial energy barrief. Hoewever
this again aisagrees with Krikorians finaings that the activation energy is lower
for hipgher discharge gas pressures éince'high pressures would result in lower
energy of arrival at the substrate. There gppears to be consistent discrgpancy
between the results obtainéd for diode and triode growth of germanium films‘which
leads one to the conclusion that there are différent mechanisms at Qork in the

tvo cases. In the diodé case,vthe érrival energy is probably ﬁot:so,iﬁportanﬁ.
The effect of charge ﬁas tp be consideréd as mentioned.previoﬁsly‘though its
vrecise effect on a semiconductor surface is difficult to analyse. Also the
.preciée nature of the surface is gnknowv; Both germanium-and‘silicon‘readily

form an oxide which can only be removed by heating the substrate to well abové
thé—deposition.temberature‘("’6SO°C for germanium). fhe o#ide growth 1s certainly '
_dependent upon the baékground and discharge-pressuré‘(i.e. Voxygen content of thg'
atmosphere) and may_conceivably éccount for Krikorians results. There appears
fo'have been no provision fo; removal of the oxide prior to deposition in

Krikorians work. . . : ‘

The results reported here for triode sputtering‘have béen substantiated
by'WOlsky et al (1967, and‘private communication)who find their growth poinﬁs.
fit precisely on the curves shown in Fig.5.16 of Chapter 5. Both the present
experimenfs‘and those of Wolsky éo ﬁot confirm the findings of Krikorian that
there is a &riple—point in the growth of gerﬁanium filmé. In &1l cases increasing
from low to highﬂdepositipn temperétures yields films of all three crystalline

phases, i.e. amorphous, polycrystalline and single crystal.

Germanium films, grown by evaporation have been studied by Sloope and

Tiller (1965, 1966) both on {111} germanium and CaF, substrates. They find that
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for Cal’s a substrate températufe of at least 45000 is regquired for epitazy. They
also disagree with %he triple poiﬁt findings of Krikonian; However, the cpitaxial
" temperaturce is lower than tﬁat obsefved in the present didde work which sunporis
Krikorians observations. It must be said however, that the vork feported herein
‘on CaF2 substrates was very 1imite§_- The results obtained_again showed the neea.
for friode sputtering.

The structural results of the triode sputtering of gerﬁanium ontb{lll)
germanium described in Chapter 5 aﬁd represented graphically in Fig. 5.16 demon-
strafe the relationship between film crystallinity, growth rate and substrate
température; As hés already been shown, the epitaxial tgmpcrature at‘a given
éeposition rate is considerably lower for triode grown films than for any other
means of deposition. It is concluded from these results that the enerpy of
arrival is playing a significant role in the growth possibly by way of the mech-
anism described in Section 6.3.3. It is noted that there are two single crystal’
regions distinguished by the presence of extra diffraction spots due to faults
such as stacking faults and twinned regions in the film. It is observed that
the faults are reduced at higher growth temperatureé. This would indicate that
the faulits are gfowth induced and are not éontinuations ofﬁfaults-in the sub;
strate lattice. AtAlower rates Of.deéosition, the "féalt free' films afe formed
at a lower temperature consistent with normal annealiﬁg kinetics of defects.
This is consistent with the model proposed in the eaflief éection since lower
rates would result in islands of a given size'having a longer lifetime thus
allowing defects caused b& incidence of energetié'atoms to grow out before fhe
islaﬁd increases in siZe, freezing the defect in. It is impossible however tov
completely remove all defects since the rate of growth of islands'is such that;
oﬁing to lattice misfit, there are faults included due to coalescence which do

rot have sufficient time to anneal out.
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The results of the diode sputtered silver films show that the epifaxisl
temperature is cdnsiderably reduced by sputteripg.. The poinfs plotted in Fig. 5.1
indicate that the growth behaviour for epitaxy is the same as for evaporatioh,
i:e. the epitaxial temperature decreases with deereasing deposition raté. The
computer anal&sis of energy attenuation wés cafried out as a result of these
observations aﬁd showed that the cﬁergy of arfival was greatly reduced at pressures
greater than 10~2 torr. Since deposition rate was controlled by the ion current
which was in turn.dirqctly related to gas pressure, the energy attenuation was
a'fuﬁction of deposition rate. By using Eig- %1l of Chapter 3 g curve of the
percentage of atoms_arriving with energy »0.6eV could be plotted as a function
of deposition rate. This éurve isshown in Fig. 6.5. It shows ﬁhat the percentage -
‘drops rapidly above a deposition rate of O;Sﬁ/sec. The results shown . in Chapter
5 however indicate that the relationship between epitaxial temperature and
deposition rate does not alter drastically above O.Sﬁ/sec. as would be empected
if arrival atom energy were resporsible for the epitaxial growth in this case.

It would be expected that the . curve would revert t§ ﬁhat for films grown by
evaporation. That this does not occur can lead to two possibilifies - one_that
there is some othervsource of energy,. or alternatively, that the existemnce of
energetic electrons at thevsurface>is having some effect. For KCl substrates

it has been shown that there are mecﬂanisms which will yield C1~ ionvvacancies

in the surface of the KC1 (Klick, 1960 and Hersch, 1966); As has been discussed
in Chapter 2, Rhodin et al (1968) have suggested that originally the metal atom
occupies the Cl-.vécancy and that when four more atoms have jéined,it, the lowest
energy state is that of (100) (110) Ag//(lOO) (110) NaCl. The effect of the
eleétrons is thought to be at saturation (since there are4v1015 electrons/cmz/sec.
at energies up to 3keV) so that the relationship between rate and tempefature
would follow a normal growth curve, i.e. higher rates, shorter lifetimes of
clusters. One must be careful in attributing too much significancebto the slope
of the line in Fig. 5.1. since it was.subsequently shown that the epitaxy was

thickness dependent. However the slope of the line (~0.3%eV) is of the



FIC.6.5
CALCULATED "VARIAT ION OF %6 SILVER ATOMS
ARRIVING AT SUBSTRATE WITH ENERGIES AZOVE O-6eV
AS A FUNCTION OF DEPOSITION RAT '

(CATHODE-SUBSTRATE SPACING 10 CM)
100

Y aTOMS

0-! L. i ‘ .g
0-0f - ' 0l ' I 10
. <]
| RATE AfSEC




175
same magnitude as the energy required to move an atom from one site to amnother,

or indeed to move a group of atoms from one position to another (re-crystallisation).

6.5.3. Bias Sputtering Results

The observation was made that the epitéxy of gold onm rocksalt was enhanced
by apvlication of a bias of’;ZOOV with respecf to the plasma. The models dis-
cussed in previous sections are considered to be of direct épplication to the case
of biassed groﬁth; Since the bombarding perticles are of high mass, high energy
end are charged, the energy transfer to the growing film would be significant.

The flux of the incident ions is of fhe same order as the sputteréd atoms but their
energy may.not be as high as the bias potentisl value. This is due to collisions
Between ions and neutral gas atoms and also repulsion forces due to image charge
existing in the metallic islands, =since they are.insulated from the electrode by
the substrate, at least initially. ‘Thus the precise nature of the bombarding ions
are noﬁ‘known. However the result of the ﬁombardment is consistent with the arg-
uments outlined earliier. At low bias potential, the energy transfer, whether

it be to thergrowing film.or to the surface contaminants, is effective but
insufficient to préduce. an oriented o{rergrowth. At high bias potential, the
energy transfer is éufficiént to damage the film, thé damage not having suffiéiéﬁt

time to anneal out.

The effect of'chafge_might bé?supposed to be entirely analogous, with ihat

of electron bombardment, the only difference being fhelsign of the charge.

The growth of ;ermanium films under similar vias conditions did not have
the same degree of improved orientation. The reason for this is not clear but it
is poscible that the energy transfer was insufficient to remove contaminants
from the surface of the Ce substrate. Thevsurfacevwas almogt certéinly largely
oxide since no measures were taken to pre-clean the surface prior to deposition

in the diode experiments.
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6.6. CIEANING EFFECT OF ENERGETIC ATOMS

The effects of cleanliness of the substrate on e?itaxy has been demon-
strated for the metal/rocksalt system by several authors. It has been clearly
shown (e.g. Ogawa, 1963) that when the substrate is contamination free, i.c.
ultra—high vacuum and cleavage in vacuum, the obsecrved orientation of the
deposit is predominantly (111). Matthews (1965) has shown that in very thin
deposits the preferred orientation was paréllel to the salt lattice whether the
surface was contgminated or nét° He concludes that it is in fact the relative
growth rate of the (111) and (100) orientaiions which determine the final |
orientation of the thicker layer. On very clean surfaces the (111) nuélei gréw
rapidly, swamping growth of (100) nuclei. The succeeding mechanism of coal-
escence of large (111) nuclei with (100) nuclei leads to the (100) nucleué
rotating into twin orientation of the. (111). On,é contaminated surface it was
found that the (100) nuciéi were more numerouslthan the (111) nuclei. On
coaiescence the grain Boundary migrates fhrough the (111) nucleus leading to its
elimination. An alternative mechaniém is the rotation of amaller (111) nuclei
into twin orientation with the (100) nuclei. The existence of these twins of
which there are four equal energy planes, are consistently observed in f.c.c.
metals gfown on aircontaminated rocksélt. Matthews‘therefore concludes that it
is the number of (100) nuclei formed on the substrate surface which is important.
Atkhigh nﬁcleation rates, coalescence‘occurs at an earlier stage thus precludihg
the (111) nuclei from outgrowing the (lOO) nuclei. Matthews has also shown that
the éssential c0ntaminant1is moist bxygeno The exact mechanism for the increased
nucleation density of (100) nuclei'has not been made ‘clear. It is vossible that
there.is charge exchange between the substrate ions and the contaminant which

leads to preferred (100) nucleation sites.

The argument’ applied to the case of sputtering may be in terms of substrate

cleaning or in terms of supplying the energy required for migration of grain
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boundarics or nuclei rotati§n. In the results shown in Chapter 5 for silver

on roéksalt, there was no cvidence for (111) orientation al any stage. Since
all the experiments were carried out on air-contaminated substrates it is to
. be expected that the'(lOO) phase wouldApredominate. The arrival energy of the
sputtered atoms may have been responsible for removing locsely bound contaminants
from the surfacc while being insufficient to remove strongly bound contaminants
such as water or oxygen. The removal_of loosely bound contaminants would
facilitate Surface migration while the presence of water or oxygen céntamination
would zid nucleation of (100) at those sites. This would be consistent with a
lowering of the epitaxial temperature and dlsc the observation of tWinning on
the (111) ?lanes.' This hypothesis suggests a good deal of future work which is

discussed in the final chapter.

The need for cléan surfaces in the case of semiconductor films grown on
like substrates (homoepitaxy) has been demonstrated by Widmer (1967). He has
obtained epitaxial Si films on 8i at 52000 by evaporation in ultra-high vacuum

of 10710

tofr,‘the surfaces being carefully pre-cleaned. The emphasis in the
case of Si on §i, or Ge on Ge; is on the removal of the oxide layer ‘which forms
even at relativély high'Qacuum. In the case of sputtering the energy of the
sputtered atoms may be sufficient to remove the oxide in which case, provided
the rate of formation does not exceed the rate of removal, surface cleaning
will take place. More precise investigation, possibly.using LEED apparatus, is

required.'

The results of the nucleation'density meésurements would seem to indicate
gthat for thé case of diode and triode sputtering,-the densiﬁy of islands is‘not
significantly greafer than thé density of islands formeé by évaporation. The
curve ‘shown in IFig. 5.13% in Chapter 5 indicates that the points all corresyond

to incomplete condensation, defined in chapter 2. It was not intended in these

experiments that they should substantiate any particular theory. The main
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purpoée was to determine whether the island density was lerger than for evap-
oration, since Matthews proposed that high nucléation density led toklower
temperaturerepitaxy, as discussed above. The bonélusidn from the results

must be thercfore that there is no difference in the nucleation behaviour of
sputtered and evaporated Tilms, insofar as numbers are concerned. It should
not be concluded however, that the ratio o% (111) nuclei to (lOO) nuclei is
the same in all cases. In order to establish this ratio under the various
conditions of deposition, experiments of a similar nature to those of Matthews

(1965) are necessary.

()
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CIAPTER  VII

PRI TR L ETIW RN

ELECTRICAT, PROFERTIES OF SFUTTERED

SEMICONDUCTOR FILHS

7.1, INPRODUCTION

receding chapters have dealt with the structural aspects of the growth
of thin films on & variety of substrates. :ﬁowever, in the cdse of semiconductors
it is important that the electrical properties of the films also be examined
since 2 good deal of.information with regard to structure can be obtained in this
way. VYhen exemining a film by electron diffraction, only a very small afea of
the film is subjected to the beam of electrons, which are of very high energy
(75-100 keV). Scattering centres such as impurities, grain boundaries etc., do
not hove a profound effect on the resultant diffraction image because of their

v .

relatively low density. When, however, one tries to pass & current along the
length of the film, the effectrof the scaﬁtering cenﬁres becones more evident
and more can therefore be learnt of the detéiled structure. It is the purpose.

of this chapter, therefore, to describe the galvanomagnetic properties of the

‘semiconductor filma as well as the structural properties. Since the germanium

sqbstrates ﬁsed for much of the structural study are themselves conducting, the
interpretation of gelvano effects from films grown on such is extrenmely coﬁplex;
insulating substrates (A1203) were therefore employed for all eiectrical med T Are—
ments. Semi-insulating (Cr-doped) Gaks was also employeé in a number of cases

%o further observe the effect of crystallinity on the electrical properties.
However, these filmsrturned out to bhe largely degenerate so that direct comparison

wes not justifiable.

The electrical results are discussed in terms of possible scattering mech-—

anisma, particularly in relation to the sitructural properties of the films.
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7.2. ISLECTRICAL W{AMIVATION

; of the lsyers was mad

(o]

using a conventionazl goonmetry

v -~

Hall effect technique. The substrates wvere, where possi

.

nle, in the form of
'rectangular-slices of length to width ratio 3:1. Riectrical coh%ac%'to the film
was ﬁade using indium solder and silver wire (5 thqu dianeter). A five.point
nethod was employed; the circuit ana the sample geometry is shown in Pig..7.l.
A1l measﬁremenﬁs were in iterms of voliage, as indicated by the circuit, which
were neasured using a Solartron 1450 digital volimeter. A low current (Q?PuA)
vas used to reduce hgating effects and the magnetic field was produced by a
permenent magnet giving a field of 3170 ce. HMeasuremsnt over a temperature

range 77~293°K was accomplished by sealing the specimen in a copper can in liquid

nitrogen and allowing the nitrogen to boil off. Measurements were carried out

during the decrease. and incregse temperature cycle to elininate any problen due_
to temperature differences between specimen and thermocouple. The tﬁermocouple
used was copper-constantan. In general, four measurcments of each parameter were
taken, for two directions of current flow and ﬁwo di:ections of magnetic field.
in average value was then used for calculation. To-calculate values of resist-
ivity, the film thickness is required and this was measured usiﬁg a Talysurf
instrument (as described in a previous'chapter).

In cases where the specimen geoﬁetry was less thén 3:1 corrections have to
be made to allow for the shorting effect of the end'contqcts. A curve giﬁen by
Putley (1960) was used and all values of mobility etc..given in the results cre

corrected on the basis of this curve.

7.%. RESULTS
703-1. Ce/Al O:T
Slimpns
Pilna of Ge were grown on alumina at substrate temperatures ranging fronm
o , . : ' .
room temperature to 600°C, and rates ranging from 12/s - 58/&. In 2ll cases
the thiclmess was measured of the actual films, not.of 2 monitor. The curve

shovm in Fig. 5.26 reprosents the prowth conditions. The resultbs
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FIG 82}
CIRCUIT AND ELECTRODE GEOMETRY FOR HALL EFFECT MEASUREMENTS
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triczl measurements cn a nuwiber of films are plotted in Figures
7.2. t0o 7.9. These show Hall mobllvty,/bb, Hall coeP;*c"eﬂt Ry, conductivity

¢ or resistivity,(", and carrier concentration. as functions of the

S
Rrlel ’

neasuring temperature Ty or deposition temperature Tp. The films in all cazes

vere p-type, det ermined by uhe hot-nrobe. method. Only a few films were measured

over the full temperature range 77 %% to 2935 K._ A11 filns were meds ed at {70”

and at 293°

The plot of /mq against 1/ (vihere T,; is the measuring tennoraua~é) shows
that for films grown at low subs%rate temperatures, the room temperature mobility
is greater than the value at 77°K. High substrate temperatures however, show
the reverse to be true. If the mobilities are plotted as a function of the
deposition temperature, as shown in Tig. 7.6. then the region in which thé change-
over takes place can readily be seen. This change is found to occur at a?prox;
imately the ordering temneraturc previously referred to.in Chapter 5.

Curves showing the variation of the Hall coefficient, the‘conduc tivity
and the concentration of excess carriers as a function of depésitiqn temperature
follow the expected trend, i.e. higher temperatures yield moxs ﬁearly intrinsic
films.  (The films are exirinsic over the temperature range measuréd. This is
discussed in a later section).

Te3.2 Ge/Gals

effect

L’q
fal)

i, ordsx to investiggte whether the substrate was héfln a profpun
u;en»th; mezoured gelvenomazgnevic properties of the Ge laycrs, it was desirable
T0 measure some loyers grown on a substy @te very similar to that of gﬁrmw“lum.
Suiteble high > lsﬁLV1ty (Cr doped) Gaehg substrates were therefore obtained and
G2 layers sputtered onto then using the triode system. The electron diffraction
results are de?c ived in Chapter 5 showing that the films grown at 550°C'and
above gave a good spot pattern indicative of epitazial growth. The films grown

O . ..
at 3007°C were not go perfect. These results were similar to Ge on Ge.
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RESISTIVITY p (ohm cm)
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FIG W78

THE VARIATION OF RESISTIVITY,p WITH DEPOSITION TEMPERATURE T,
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Galvanomagneﬁig properties of the films wore measured a8 fdr Ge.on Ale,. The
results for two of the £ilms are shown in Fig. 7.10 (2) and 7.10 (b). TIn
calculatipg RH and o , the £ilm thickness had to be estimated from Qe/AleB data
as it was not possible to measure film ﬁhickness on the actuil substrate. The
results show that the fiims are‘largely degenerste having an unexpectedly l;rgc
arrier concentraﬁion. ‘Thus,'a.though the Hall mobilities are.similar to those.
obtaiqed from films growﬁ'on A1203, direct compzrison in terms ofvsfrucﬁuie i;
not . justifiable. Thé reasons for the higher carrier cqncentration in this.cése

is not clear and more definitive experiments are required.

T35, g§5g§2/Various Substrate;

The terget material of bulk n-type CdBAsz wvas obtained from R.R.E. Malvern.

Pilms were deposited under the conditions indicated in Chapter 5 onto various

substrates indicated in Table 1, properties were measured as for GQ/Alzos-fromf
- o L 0y 3 ‘ )

roon temverature down to 77 K and are shown in Figures 7.1l - 7.14. he resultis

are tabulated ovérleaf.

Pron theso results it can b;vseen that the electron concentretion is

very high, as one might expect from a low band gep material (Eg =°0.13 &V for
bullk Cdzhsy ot room temperature). The resulis of annealing show the mobility
to»have decreased with annealing with an associcted decrease in the electron

concentration, The effect of deposgition rate on carrier concentration (as
indicated by 1/Rlel) is found to be insignificant over the range studied
The ©ilms ere extrinsic and degenevele. The bulk properties of the Cd.is

arget material dre unknown but, from the work of Lovett (1967), it

. .- 2
have 2 bulk mobility of around 20000 en“/V.sec.

Y <

7.3.4 InSb, BioTez, Gals, FbTe/Various Substrates

The gelvanomagnetic properties of InSb were found to be. very poor indeed.

m ’ . - . - . - -
The neasured nobility of a filn grown on nlca or alumina zt 32500 and a rate

' . C o \ 2 .=l -1
of 1.6 ﬁ/s was found fo be only 50 em™ V ™ 5 ~. A room tenpersiure deposition
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FIGERM710(b
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TABLE 1

B,

Galvanomagnebic propertics-of Cdzhsse £ilms deposited onto vorious
i -

substrates - measured

at 300%C

/8 3 1/R Je)

1) o/ - -
Shees 3 - . Thicks lenV 7s 7| coul.| O em cm

pecimen {Substrate | Temp. | Rate ness
No.  {Material °c | 8/s. 5 o
Tn = 300°K

LX1 mica 25 2 1875 78.8 | 1.28 51 %.9
ﬁ?l/ann'd i o i Com 5614. 1.8 3-._0' 3.5
LH: " " " 1690 861 | 1.1 630 5.5
LX5 glass L " 810 583 0.72 800 8.6
1.X6 L 65 | 0.7 | 1250 661 0.43 | 1500 | 14.3
X6/ ann'd " " L " 153 L.2 365 1.5
1X7 " 68 | 0.7 | 1330 669 | 1.n 500 4.5
1X7/ann'a " " " " 215 5.2 500 1.2
1X8 n 80 | 0.6 920 611 0.9 680 6.9
LZ9 " 25 0.k 670 506 0.85 595 7.k
1.X10 o 30 | 1.251 750 48 0.91 500 6.9
1711 NaCl 65 | 1.0 60 2600 | 0.69 375 | - 9.1
LX12 Hice L L L l 272 0.92 295 6.8

. Note: . Specimens LX11l and LX12 ars not corrected {or specimen electrode

geonetry (as detailed in Section 7.2). "They are included for

comparison with each other since they have similar geometries.
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onto glass a value of 35 em V 7 3 (denosited at ;/10 the rate). Annsaling

os R : n 4 2 .~ -1 A o
the films increased the mobility to 130 ecm™ V 5 . None of the films were

‘ _0 . . . . .
measurable at 77 K as the resistance had incressed too much. The resultis

of the measurenents are tabulated below.

TABLE
==

Galvanomametic properties of InSb films deposited onto various
’ substrates ~ measured at 3500°K

o Sub- Tenp. RRate Ti%éﬁ- Vasii 3;3/ (T;l 4 I/?E%‘
strate C /sec. é cm?.v-ls-l coul. Sfien
LYk E1,05 | 325 1.6 | 4200 43 12.6 | 3.4 |5 = 10%
|1v6 mica | 25 2.0 | 3500 10| L | 2.3 |1.3 x 10°°
LY6/amm'd " " o LT w0 | 50.6 1 03.611.3 x 10;‘7
LY7 " 1300 - - L8 thickness unknown
LY8 glass 25 13 850 | 3l 1;03 3 1 6.1 x 1018

The conclusion$ to be &raﬁn from thisétdble are tﬁat higher substrate
temperature and deposition rate pro&uce films nearer to intrinsic cn@ that
annealing is also a definite advantage.

Thé other filmsbwhich were sputtered, apart £rom CdBAsz, also showed
disappointing galvanomagnetic properties. BiZTe5 Tilms produced‘no neasur-
able Hall effect.. It wa$ found, however, that from the p-type target used,
4films of bbth conductivity type could be produced depending upon the
substrate temperature. Tilms produced at 100G wére‘n-type, while those
produced at 200°C were p-type. The film thickness and deposition rate

were avproximately constant.
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Blectrical measuremen{s on Gals filmg were nod successful. This woo Lnuv"nt‘
to bhe due to the oxide content in, and on the surface of the £ilms. Poife Tilms
also showed only limited success. A 26008 film grown at 4&/5 onto a 200°C alwmina

, NP Ao 2 ,,~1 -1
subgtrate produced o wyoom temperature mobhility of only 7O em™ V 7 s ~.

7.4 DISCUSSIOE 0F RESULTS

7.4.1. Germanium

The lts of the nes wsurenent of golvanomagnetic propert ies in

2.

che zermenium

[N
[43]

films proved interesting and valuable. Frou the curves shovn in Flr. 7.5. 1t
clear that the illmo are very extrinsic in nature. The impurity level is not so
high ag o render the filmg degenerate over the tenper ature renge considered, as

5 indicated by the degeneracy condition curve of Fig. 7.5. This curve is derived

i add

from the expression given by Pearson and B"“dcen (1949).
- ' 2/ 2
(hfg /3 /3

To (T (—% p A(7.1)

Plancks .constent k

where h = = DBoltzmann constant
By = m288 of hole p. = hole concentrziion

To = temperature for which the energy of a hole corresponding to the energy
at the surface of the Fermi dlstrlbutlon 1s equ@l to kTo . Putting '

m = free electron mass.

e

- 2,
T = 4@ x 1070 3 /3 . (7.2)

The filmz can be shown to be extrinsic by consideration of the equation:

2 2 3 L :
By =y = Haly T2 esp. %——% S (7.3)

(A full discussion of this equation is given by R.A. Smith (1964) 1p.76)

03

rr‘he vulue of T for which P; is of the same order zs the impurity concen-

~

tration can be found by graphically solving the above eguation in which

ig done in Fig. 7.15 for various values

[&]

=7, ¥ , I and Eg are mowm. This



FIG.4R 7|5

PLOT OF EQUATION?73 FOR THE SOLUTION FOR INTRINSIC CONDUCTIVITY IN Ge FILMS

o
0.663
KT
0.33|
kT
N !
5 AN AN
\x [
Yo" <
L x |
_-——"’- nv——
f () ' — 1 odl X | <
R——— | kT, |
pi=2.2 103 | K
I p,.IOIS—--"""'_ ' 1 T _____b‘- T
1 ! | |\’1‘ l X
|°|7_———T—"'—"l f>x___\___*___.__"‘>-|<:l_—
C T l ——
° Fi-lola ][] — |
R —
o171
STRAIGHT LINES — log T — log pj/ NcNv CURVED LINES — “_kET_e
10 100

T °K

toz



of n, end I _. The values of HC and-Nv are anssumed ecunl (i.e. my o=, = m) and

O E

£
=
Sa
P
2
oy
('\

sen assuned constant with temperature. The solution of the countions

are not wrecisely accurate therefore, but since Moy L aad E_ ere unkmown for
2 41 ©

our pzrticular'spe imens to do otherwise would be unjustified. The curves show
thet the intrinsic te mneraturn is considerzbly hirgher than the upner teémperaiure
iimit of oﬁr experiments (BOO ¥) unless the bend gap of the material is very low.
This ig unlikely. Thus we are safe in assuming the conduction processes to be
extrinsic and need consider only = sinale charge cerrier - nanely, holes.

The degree of electri ,ﬁl conduction in a mzterial depends ﬁpon the amownt
of scettering present. in a2 semiconductor there are two main Ttypes of scatiering

D

processes, assuming negligible surfece effects, thermal vibration scattering

and ionised impurity centre scattering. As might be-expected, the former

4

nredominates at high temperatures. Associated with cach of these processes is
z relaxation time T (or mean collision time). These are generally not the sans,

P

but when hoth types of scattering are opersting, the two may be combined to Zive

+

an average T given by (Shockley 1950).

B T S R (7.2)
~ —~ ~. ' ] .
' Ly 1i
whaere U, = lattice scattering relaxation time.
ryo= impurity "o " oo
(i1.B. ‘this assumes ¢ to be independent of velocity)

From consideration of the current den ity and the average drift velocity,
it cen be shovm th:t the conductivity mobility for holes is given by

/uc = T . . ‘ » (7o 5)

[0]

i

(e = electronic charge)

so that 1 = 1 + o (7.6)

P/
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"It may be further shown that:
' - , e g s 5 ,. . —~— "')/2
Por-thermzl vibration (lattice) scottering t, & T

e . /2
For impurity scaitering P A
We can therefore write

3 - 5/,
= .a P /2 + b T /2 L (7.7)

where the first term represents impuriity scotitering and the sccond term thermsl

vivrziion (l:ttice? scattering., Menipulstion of this ecuation gives
Z
T%/Z 3 )
= = a+ b T (7.2)

3/2 ;
"so that a plot of Tﬁz— aeainst 'I‘j should yield a straight line of slope b and

intercent =n.

Pig. 7.16 is such a plot for a series of different specimens. It will be
seen that the slopes and intercepts are noi the samé for each film. Fron these
éurves and resultant values forrthe constants = and b, it is possible to calculate
the expected variation of mobility with temperatuye based on just the two scatter-
ing processes. Fig; 7.17 is a rébeaﬁ of Tig. 7.2 witﬂ the addifion of the cal-.
culated curve for each speciﬁen. The agreement is very good in the upper T ﬁp-
erature r;gion but in the;low_temperature region'the nmeasured mobility remains
fairly constant as(thevtemperature decreases wﬁile the calculation predicts 2
steady decrease. However the calculation neglects the varlation of 'a' with
temperntﬁre Wh;ch will have the effeot.of inoreasingyuh at low temperatﬁres.' The'
relaxation time for scattering on neutral impurities is independent of temperature
and cerrier energy, So that'the mobility due to this mechanism is also independen
of tempsrature. Grain boundary effects may also predominate at ldw temperatures
where the grain size is small,

o,

The full expression for/ui and/ml can be obtained for a non-degenerate
seniconductor by consideration of the appropri.te wave equations for/nl and from
the theory of Rutherford scatteringAfor/ui Shockley (1950) and Smith (1964), for

exmmple, derive these expressions and give
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FIG. B71b

DETERMINATION OF COEFFICIENTS g AND b OF EQUATION77 FOR Ge FILMS
BY PLOTTING EQUATIONTS
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FIG, mB7.17

VARIATION OF HALL_ MOBILITY, &4 ,WITH MEASURING TEMPERATURE, Ty, FOR Ge FILMS
GROWN ON <IT02> Al, O3, CALCULATED VALUES ARE FROM THE EQUATION [/u = oT 2+ p73/2
Al
WHERE o 8 b ARE EMPIRICALLY DEDUCED CONSTANTS (SEE Flc..-b)_
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-

, 5 | 2‘3
8 K2 (kT)r/' 2 1 / 1 (i em )% (7.9)
M T iw K e n : (:zﬁ-l’,)/ 7Y
: - - \ cT 3
= 8.4 % 10+ T3/2 /N in (1 +'x2) for germenium
A
where x = 2.4 x 10 Q/W 2 and Nj = impurity concentration
Ik = dielectric constant
. L. -
Lnd P = Ebégﬁi ELEL,.mEl}; 7 3/2 (7.10)
- Elnz 1/ 23/ 5
where C11 = elastic content
Elﬁ = change in band edge per unitv dilatation of crystal
(constants for a given naterial at NTP)
The constants a and b are therefore given by
1 8. x 10 1 2 2 e—nL* C11 '
R — (7.11a) end & = <X s (7.11p)
a l\I_.nCE"v".zC) . b 3 B, w72 13/2 ,

The graph cal values of 1/a agvee fairly well with the value calculated

from the aoove quo»et"on as demonszrated below in Table 3.

TABRIE 3
Spee- | 209 219 | 220 201 | 222 | 225 | 2. | 225 206
W b.oxiots. 820" 7510" 9. 80 . 0510~ 5108 L 221 0+ 5 . 31 0 T ._1;:4_017 '-
L gresh 1.25 | 0.0h | 0.30 | 0.37 | 0.20 0.55 | 1.6 | 9.33 | 0.3
% cale.| 3.80 '70.22 2.27 | 0.85 | 2.90 | 1.95 | 7.00 | 2.55 1'.65' |

The constant 1/b is related to the mean free peth of the carriers in

. the thermal scatiering region. seni-

The above equaticons have assumed o

conductor with spherical constnnt energy surfaces and for such a system the

mean free path, 1,

is given by Shockley (1950), 1.269.

&

} .
T Cul

1 = WT mz_ (7.128.)
In
= 1 5 3T fmkT >-
5 oA / = (7.12b)
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Hence the "mean Ifree pzth" as a function of temperature muy be determined fo¢
each film. The value at BOOQK, calculiated from equztion 7.12b are given in
- Toble 4 below for the specimens indicated. Also shown is the measure Hé;l
mobility for each spzcimen ét BOOOK. The mobility is observed to increase as

the vaive of 1 increases

TABLE 4
i )
Spec. No. | 209 | 219 | 220 | 221 | 222 p25 | 224 | 225 | 228
o
b 100 |1.03 | 3.14 | 1.67 | 0.8% | 2.62 | 1.1 | 0.66 | 1.52 | 1.27
1 £ 1350 | 440 | 830.| 1670 | 5%0 | 1260|2270 |. 990 | 1180.
(2 gL gmt| 180 50 | 105 | 215 65 160 | 270 | 120 | 140

By compzrinzg the above toble with Fig, 7.2. it is immediatelj apparent that

the higheét room temperatuie mobility iz observed for these filus with the lirgest
"mean free prth". TFrom bulk beheviour this is as expected. The most interesting
fenture is that the values of 1 in the films is very muéh lower than thi found
for bulk’aﬁ the sane tenmperaiure. There would thus seem to be a direct correl-
ation between siructure znd electrica} propertics.

Cne of the feaztures of thin film growth is thet the layer grows initially
as an island sﬁructure. The islands Increase in size as the deposition continues
eventuﬁlly joining up to form a contimuous layer. The film congists then of a
nosaic st:ucture of crystallites which may or may‘not be oriented with respect
to éach other, dependent upon_the temperature. L typical value for island size
ig 500 - 2000% dependent upon substrate temperature. In a perfect single crystal

-

film, epitaxial or not, guch boundaries will exist. It might be expected there-

1.

fore that <he effective mean free path of 2 carrier might be reduced by the
presence of such boundaries. The mean island size increases with deposition

‘

temperature and film thickness.
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Comparison.of the "meon free path” velues given in Table 4 with the growih
conditions shown in Fig. 5,26 shous that the trend is for the higher mobility
films to occur under growth conditions conducive to large grain size.

A further point, particularly relevant to sputiering, is that the arriving

atoms have considerable cnergy ot all stages of the growth period. 4 fzir degree

of demage may therefore be induced in the growing film. At high substrate temp-

Ey

eratures such damzge has o higher prebability of being annealed out. One would
£ oy

therefore expect a film with low defect density and/or large crystallite.size to

hove a lzrger mean free path and hence a higher mobility. This is shown to be

the case by Maruecchi (1965) who examined Ge layers of varying thicknesses deposited.

by evaporation. ; ’
It ig interesting here to note the results of Sloope and Tiller (196%) on

cvaporated germaniuvm f£il lris on Cotz. They found that substrate temperature h:d a

]

orofound effect upon the measured'mobility, it increasing with temmperature, =2nd
nlso that inerensed film thickness shonpd an increase in mobility. They Lound

that decrensing rate produced « lower defect deng Lﬁv. '”*Prinw in nmind the {fact

thet the films grown by ¢ puiterlu, nre .ubgcct to o flux of high enerpgy particles,
the conclusions of o]OOoc and Tillexr are very Slﬁll v bo ours above. - They con-
clude that defects such as dislocations, °twcm1nv f wilts and microtwins sppear

to dominate the conduction processes. The defects have been suggested (Trompo:ch,

1966) =g ecting as acceptor states in the materisl. The mobility of Sloope and
' ) .
Tiller's films is very similar to the present on 1es grown under like conditions.

=23

-

They, however, find a veriation in mobility as the magnltude of the mobility

increases., Fig. 7.2. chows our curves to follow o T '5'1aw - typical of pure

The suggestion of defects acting as accceptor states is strengthened by the
fact that the plot of Hall co-efficient as = function of 1/T yields an ionisation
: . 5
cngrey value of ~0.03 7. This value is obtwlned by plotting loz (RT*) agninst

-

1/1 derived from the exvression (sce Blakemore (19 ) p. 135).
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-1.
D = g_‘_}__i__j_’“‘ exp (=) (7.1%2)
2) (1)

for impurity conducition
when I, ¥ '

171
i
&L

z b4
5 3
v = 2(2ilmkc™ /2 = Const. % @ /2
L ne
5
v p=const. x T* exp. (—ng (7.13b)
kT ' -

2
Since R = 1 = comst. 2T % exp. (7
e (1)
{then RT* = const. x exp. (Ed (7.12)
v : ) \ /0 4

'

This equation is »lotted in Fig..18 for typiczl specimens. Th

o

mzasured value -

o
()
O
.
Q
N
2
<1
’—l'
G0

high for impurity leveis in Ge which are typically M0.01 ev. Onaly

7.

impurities which can trep more thon one electron (e.g. Au, M¥a, Zn) heve levels

jel]

s g
v

25 high as this. Such impurities are extremely. unlikely in our systen an

1

iz therafore a reasonable conciusion that the acceptor states are indeed due to
structural defects.

+
L4

rates by sputfering

-~ (=

Wolsky (1966) has deposited Ge onto fused quartz subs
and his results are very similar to those weported here. e obsexrves the mobility
to decrezse with decreasing measuriﬁg temperature, this tendency being less for
increasing deposition btemperature. This is precisely as the present findings
ond is ﬁndoubtedly_&ug to 2 decrease in scattering centres (lattice defects) as
the deposition temperature increases in agsociation with an increase of grain
siée. His plot of l/Rlel as a function of 1/T gives a crude estimetion for
acceptor ioﬁisation energy of 0.1 eV leading him to similar concluéioﬁs to those
given above. Iv should be mentioned that.W01sky's deposition vwag carried out at

: & , ] _
o residunl gas pressure of ~10 7 which, by comparison with these results, would

suggzet thet oxygen does not nlay o significant role in determining the



FIG. BB 7i8

DETERMINATION OF ACCEPTOR IONISATION ENERGY FOR Ge FILMS
BY SOLUTION OF EQUATIONTI4
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electricn l properties. Volsly also found that the mobility increased and the

hola concentraulop decreased as the filn thiclness increased, reuching conctont

volues at‘VQ.?ﬂ from the interiace.

7eie2. Cadminm Arsenide

A thorouch investigntien of the CLectrwc .1 properties of Cd,Asp v not
. : 528
intended as paxt of the project.  The main purpose wos to determine whather such
a material could be growa in thin film form by sputitering and, if so, whal wers

the general electrical chrracteristics. Films were growm as described in

Chopters ‘b and 5. The overall electrical behaviour was rather similar to the

-~

Anplication of the ane type of snalysie as for the germonium films did not yieid
successful results however. This was due to the fact thzt the films were degen-~
erate, os is shown by consideration of the degeneracy equafioﬁ gifen earlicr,
'Ltvett (1467) hos exemin-d bulk Asz and finds zn effective mzss ratio %5%3
of = pproxlm”toLJ .05, vhich is the figuré used‘in calculxting the degereracy:
condition. Because of the low band gup of this mnfe“ (0. L5 eV) the con-
ductivity is almosf_certainly both intrinsic and extrinsic over the temparxaiure
ronge omp10Jed which ggéin makes analysis difficuit. It is not poss 1blé to”
determine an energy vaiue from th slopé of the HaLl‘co~efficient galnst l/T
curve since the lems are never wqolly extring ic nor.wholly‘intr;nsio. However
the following general conclusions can be drawm fromlthe experimental results.
1) TFilms can be grown on smorphous sub3'£ates (giass) at low temperatures

(€100°C) with mobilities between 500 and 1000 em® v 7L,

2 Cver the range of rate of deposition used is independent of ratc.
135 1 T p

5)  lobility increases with increasing substrate temperature. The incrense is

s X ~1/3 S .
approximately proportional to T /) which is lower then would be expected

"

)

from impurity scattering. Crein size effects may in be predominzting.

-



4) Caryier conccntlauion decrea es with lncreasing substrate temperature.

5)  TFilms have hlgh conductivity (400 - 800 (Ohm.cn) indicative of =a
low band gep material. |

&) Anﬁealing the films decreases the film carrier concentraztion but
decreases the electron mooility.

This latter conclu$1oq is somewhal anomzlous since it wes expected
fhat emnezling would increase the grain size and reduce sfructural defecfs.
Annecling was carried out With e deposited overleyer of 310 0 prevent loss
of one or both of the constituvents. It mey be possible, therefore, thab
310 reactéa with the ClBAs in some way., ITurther examination of the effects 

Ral

of énnealing in a way simila r_uo that carried out on InSb by Juhasz and
Anderson (1965) is requ_reu before. conc“u““ons can be draym from this
observation,

The reagons why C%§s2 should produce filims of usable mo ii ity wvalues

"

on ﬂuofnhous substrates . at

l

low Temperatures, while other compound semi-
conductors growm at elevated temperatures on crystalline substrates heve
very low mobilities, is not cleer. One obvious difference oeuwCen Cu5ﬁsn

and the other compounds studied is that of cxystal structure. Ingb etec.

heve a cuble structure whereas Clonz is tetragornel, I the gtacking Toult

shown that the stackiag fzult energiec in hexogonel moteriasls ard hicher
thaen in, for insltance, cublce noble metals.. The stacking fault enersy does
nov depend only on crystel structure, however, so the above wust be.

considered. only es o possible cxplsnation for the obzerved result.
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zoold deal of atiention in recent years and the work described in this Thesis

1Y,

“hids urov*A d Purther information on the manner by which thin filns ney be

groum by the sputtering feohnique. The results of the study maey be summarised

as follovs: ‘ .

() Epﬁtaxia £11ms of bOLh ne;°75 and semiconducthors {eleuental and
mnound) mey be grovm by spubtiering in en inert atmosphers at temperatures

considerably lower than the temperature recuired for eoitadal growth by
p 0110
(2) There is evidence to suggest that, over the rangse of deposition

<E]

conditions studied in this worik, the {ilms are not epitaxial from the
onset of nucleation, i.e. the film orientabion increases with thickness.
(3) The relationship beufeen deposition rate and epitazial temperature

Tollows the expected ftrend of an energy-controlled phenomenon, i.e. increased

orientation with increased substrate temperature and/or decreased deposition

»

(%)

() The application of a bias to the substrate so as to abiract enersetic -
lons ©vo its surface, increases the degree of orientation, particularly for
metel on rocksalt. The orientation improves with dbias potential up 4o a

K .

ercain velue, then deteriorates.

o

—~
(3]

) Computer calculation has shownt that the energy of arrival of spubttered

Neo)
ﬁ_

s 25 the substrate may be conslderable even in a glow discharge. Under
triocde spu tering condlulons there is virtually no attenuation of the

ejected atom energy distribution.
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6) By triocde sputtering, the epitaxial ‘temperasture is even lower +then
j i (&34 & i > )

that by diode sputtering. The apparent sctivetion energy Tor epitexy,

derived in. terms of substrate vemperature and deposivion rate, is lower

than for evaporation.
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stages of growth indicate no difference between nucleation by eveporation

2]

or by sputtering. )
(8) The islanakaensity of Ge grown onto (111)Ge shows similarities %o

vapoﬁr phaée growth, but the density is approximately an order of magnitude
higher.

(9) 1In 21l films, there is less twinning at higher substrate temperatures
.(as observed by electron diffraction). - This is as expected since annealing
out of defects is an energy-aependent,process.

(lO)xThe galvaﬁomagnetio properties of tﬁe semicondﬁctor Tilms show that

in électrical termg the {ilms are fer from pérfect._ Thé maximum Hall
nobility observed for hole conduction inkp;type germaniun films was

‘appr ximately 20% of bulk velue. .

(11) tnalysis of the variation of gaivanomagnetic properties with Lemperature
showved thet impurity scattering was o predominant process. The high

impurity concentration in the films supvorts this.

5
tdJ

(12) a1 gelvanomegnetic properties were improved at inereased substraﬁe
'(deposition) ﬁemperature.J The veriation of property with measuring temper-
avure wes zlso found to be dependent upon deposition temperature.

(13) Compound semiconductor £ilms oould.be‘réddily deposited apparently
Trithout losg of stoichioﬁetry; though their galvanomagnetic propertiesz wére

generally very poor.

One of the oversll conclusions to be dravm from This work is that the

mechenics of the growth of thin films by sputiering is not videly different
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from that by evaporation. Both processes are activetion emzrgy dependent,

N

oe of the energy required

-

the major difference heltween the two being the sou:
to overcome the various energy barrviers., The encrgy analysis of the snubtercd

beam shows thet the arrivel energy of perticles at the substrate is sipgnifi-

-
-

coent even by diode sputiering, and the discussion presented in Chapter 6
attemptis to demonstrate how this energy nay be &issipate& on arrival’at

the subsirate. One of the criticisms of the accepted nucleation theorie

is that they do not allow for arrival energy in their predictions. Complete
thermal acéommodation is assumed,.whereas Cebrera has showvn this to be true
only for energies below ~5 eV.

That the énergy of arrivel appeers to be of‘greater importance than
charge is supported by the evidénce of thiclmess dependence of orientation.
Since it has béen proposéd by &érious authors that charge, particularly on
alkali'halide-substrates, inf1uences the nucleation stage, differences in
macleation densities as well as‘initial orientation mlgnt have been expecte&
It shoul& not be concluded, however, that charge plays no pert. In the
case of diode sputtering, in wh¢ch the electron flux at uhe substrate is
consm&eréble, the POSbl ility of p% erred nucleation sites or charge
trapping within the initial islends must be consi&efeq. The latber
phenomenon, particulerly, would provide enérgy additional to the ftarget
atom arrival energy, bj way of rebombinatidn with thermal ioné.

The conclusion to be drawn from'the results of the éleotricai
measurenents is thgt defects such as gfain boundaries and stacking faults
(and dislocations, though the evidence was not 50 apparent for these)
contribute strongly to the scatteriﬁg mechanisms so‘as to decrease the
mean freg path and hence the mobility of %he carrier comparcd to bulk,

It ig thought that éuch defects may act as acceptor stetes, but o dete 1ied

description of the nature and effect of such acceptor states is not aveilsble

Tiae
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in the litereiure for p-type germanium, dbuik or Tilms. Thus good epitaxial
semiconductor £ilms may be produced by sputtering at relatively low

hows the films to

42
w
V.

substirate temperatures, but the svructural enalysi

be 2vll of defects unless the substrate Tenperature is raised or the

structural findings insofar as the properties approach bulk propervies as
the substrete temperature increases, i.e. defecet density decreases. The
droperiies are probably also related to grain size, so that annealing,

high temperature depositions or any other method of increasing the grain

size, should improve the characteristics.
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s %
Comnuber Colcoulation of Vc70~luv Attenustvion of Swutiered Perticles
as a Function of Pressure
(issisbance of R.W. Allen 15 uc‘loulﬂ ved )
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Inter-electrode spacing - D cm. divided into I slabs each of width &x.
Cross-zectional area - 1 cm .
i 5
Ges density o, otoms/cn
. IS .
Gollision c¢ros 5*sectlon a=C /U where x is some power.
F . X . ) .
¢ = advo where & = neasured collision cross~section at relative
velocity V .
o
P = arca occupied by the gas zvoms in o single slao.
= no, of atoms x collision cross-section at velocity V. -
= 1. r*
0 D‘;:.ao Vq
N V.
For coiputation purposes
Puf =3B H,D.a V= =, pg =¢
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P =17



If V(J) = logy, (vetlocity (J))

}then ¢ B xlog, 10 = v(J)
I\Y s

z(J) =
Velocity before collision = Vg
‘Velocity after collision =V,
Trom the Cravath equation for averasze energy loss, the velue for

Ag/h is 0.5. 'Thus, in tevms of velocity

Vpe

Log .V = 10510 Ven = 1 J2

3c ~ ~%%0

{

'_l
L)
[
(e}
)
<
!

= V(K), then log,. V,. = V(¥ - L)

10 Vic
_ 10814 /2

chosen increment for 10810 v

-
=
-
©
I
@
g
I

U(J) = no. -of atoms With velocity V(J) entering
U(J) x 2(J) collide in sleb ani lesve with veloc_ity v(J ~ L)
U(T) x [l~Z(J)]'do not collide and centinue witﬁ velocity_V(J)
In the second slab: | v
[0(3) = 2(5)] = 2(3-T) collide for second time and leave with V(J~_21})
[u(a)

'[U(J) X Z(J)J e [l-Z(J~Li] do not collide for second time and leave

(1-2(3))] = 2(3) collide for first time and leave with V(J-T.)

N

viith v{J-I:)

1\1‘

[0(2) = (1-2(3))] = [1-2(3)] 4o not collide and contimue with v(J)
snd z0 on, throughout the slebs. 7 .

IP (J—L);é.o, these particles are no longer of interest and are
“ignored in furthef slabs.

-

‘The computer programme sums at the recelver electrode over the

veloeity range for all tho aboms in cnch pgroup.
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COMPUTER  PROGRANITE

DECKEY = EFN SCURCE STATEMENT = IFN(S) -

CAD CCMPILATION MODIFICD FORM NF . FIRST & MARCH 66
REALULZOG),VI1I20) s F(1CCY, Z(l 01, W(LC8)
INTEGER S
EFAF(J,“O)A Bl M NDATA
f?-.“/.ﬂf(I/I7F8 41{,.,:,1:11:: IZ)
IF(NOLEoC)GETCZO
C=C/FLGAT{NY)
IF(NEATALLELQIGETGE
PE/XD(J';L_.)(U(I)yV(I]:Iz..‘yM]
FCRMAT(F6a34F5:53)
CCLid=1,¥
LUJY=CuEXP(-Bx ALFC(“”u)*V(J))
F(dl=0C. '
REA P(57 3k, f\1R7EyY7[:707G
‘FCRTﬁT\uﬁ:)
WR IT[(@,.{‘Q)Hy.’&,p By Y,LayD G -

FORMAT(ZHL,8A%)

‘WRITE(613O)N7C18sL

FORMAT(LEC,ebN=314432X 3 2HC2yFT 432X 2HB=,F3,2,2X,2HL=,12)
FC=0a, ' : ‘
DCL2d=1,HM

WC=0s

CC13K=1,J

W {K)=0C%

W{J)=U(J}).

Isi

K=J

F= 7[K)*§(K]

Com -

IF(SaLE-CICOTC4

wW{S)=W{S)4+P

CCTCE
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