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_they were crystalline if depoéitqd on Spo

for crystalline 5n0

, o & .
. v ' ABSTRACT

Snoz‘films-ﬁave been prepared by reactive sputtering in an

‘oxygen-containing glow discharge, .by ion~beam épu:tering in an -accel-

erator, and by anodizing with an ethylen-glycol-based elect:oiyte. -
Preparation of SriO2 films by bombarding metallic tin with oxygen ions
has also been attempted. The sputter-deposited films were amofﬁhous'

if deposited on KCl or Ta 4t temperatures from -100° to +200°C, though

-

2

we;e‘variously crystalline or microcrystalline, though clearly not

at 200°C. The anodic films

amorphous. Films formed by bombarding metailic tin with oxygen ions

5

turned out to be crystalline a-Sn0 at all doses from 1 x 10l to 3 x

1017 ions/cmz. The crystallization temperatures ranged from <200°C

, substrates, to 250°-300°C for KCl substrates, to

400°~450°C for Ta substrates, to 475°-550°C for unsupported films. The

crystallization product was consistently cassiterite, 1.e., normal SnOE.

.Once crystallinity was attained in unsupportéd sputtered films, the

grain size remained in the vicinity of 400 ftoa temperature of about
1000°C, This is in good agreement with ‘thé behaviour of anodic f£ilms,
which retained their micfbg;yé%hlline structure in heat treatment again

until a temperature of aboutr 1000°C was'feacﬂﬁdt The thickness of the

reactively sputtered films was estimated from the observation of their

interference éolours when deposited on a Ta substrate, while the thick-
ness of the anodic films was estimated by sputtering the films with

20-keV Kr ions until metal was exposed and noting the weight change.
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_Thé anodization of Sﬁ has a rgthcf lbw éfficiency (4—212); andyﬁhié could
be shown to be d;e to electroﬁi;_;onduction;rathgr than dissoluqi;n. Kr-
ion chbardmentlof SnOz‘thin films has showﬁ tﬁat this o*idc_prescnts a
very.high vajue.of the spufitering coeff;cient'(Zl.é + 1.5 atoms/ion for
10-keV Kr impact), a result which'can be attrib;;ed to théfmal éputteging
(1.e., bombardment induced vapérization). As far gslﬁhe structure Qf.fhe
,targe; material after Sombardment is concerned, the experimeﬁ;al evidence
was that Snoé undergoes_amorphiéation. The effects of ion bombardment.of
bulk samp]'.e's'(eit’bcr'SnO2 sintered bowder or n;tural castkterite) were
investigated using the following tEChniqges:‘ (I) reflection electron
diffraction, (II} marker-release spectrometry, (II1) dissolution measure-
ments, and (IV) resistivity measurements. Through the usé of éechniﬁues
I-and IT we have established that t?e annealing (to the original single-
crystalline phase) of bémbardment induced amorphousness occurs In two
stages: . (1) a homogeneous transformation to a polycrystalline phase

+

showing the normal cassiterite structure; (ii) epitaxial recrystallization
to sin%lg—crystal cassiterite. Dissolution meagurements have established
the depth of amorphization due to ion bombardment,.while resistivity
measurewments have indicated that bombardment does not cause gnpz'to chaggé
its stoichiometry. Finally the varlous results allqwed us to expand the
formalism on which marker-release spectrometry is based, namely we have

identified a previously overlooked release process {(Stage IC) due to

epitaxial crystallization.
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oxygen: 3 x 10 ions/cm™ - 35-keV, mag.
53,000 - 100-keV.

XX

———_ st —as



PART 1
PREPARATION, CHARACTERIZATION AND
ION-BOMBARDMENT OF

Sn0, THIN FILMS
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- CHAPTER 1 EERY

A

INTRCDUCTION AND REVIEW OF THE™. ITERATURE

1.1 Introduction

‘:\ snoz is ne?rly unique among electronic materials‘;n being a
fairly good conductor wheh oxygen deficient yet in-having a high degree
of transparency to visible light (1,2). By contrast, oxides such as
Mo0,, szos; Ta,0;, Ti0,, VéOS or woj.are strongly absorbing when oxygen
deficient and, therefore, conductive (3-7). This has led toc a considerable
amount of work on the electrical and optical properties of SnO2 and has
resulted in SnO2 being proposed, among other things, for transparent
heating elements (8,9), for transparent anti-static coatings (9,10}, and
for makinglﬁrénsistors or other devices where transparency was required
(9,11,12). |

There has heen an enormous amount of electronic -and optical char-

acterization in previous work, though notably Jacking has been structural
characterization. We vegard the latter to be nearly as important as
other aspects in view of the fact that, for example, both the magnitude
of conductivity, as well as its tomperékure stability, are affected by
crysta}liniLy. Striking examples of this interdependence occur with V_ 0O

23
and vO, (13)(Fig. 1.1)

2 ) :
Also lacking has been virtually anv degree of success in producing
SnO2 films by anedizing Sn at high voltages.
We would propose in Part L of the present work to explore the

properties of 500-5000 A Sn02 films as formed by reactive sputtering, ion-
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beam spuftéring and high-voltagé.anodizing.. These properties will in-
»clude the crystal form, cfystallfzation behaviour,';hicknesé and énodizing
efficiency. Using the results of this work as a guide, we will undertake

to investigate lon-impact effects with $no films, while in Part 2 we. will

A 2

deal with ion-impact effects in bulk $n0,, especially bombardzent~induced

"

phase tranformations and stoichiometry changes.

1.2 Peview of the literature

1.2.1 Chemical vapour deposition (CVD) - SnO2 films are commonly prepared
by hydrolvzing a~ volatile tin compound on a hot surface (normally a glass

substrate), as for example according,to the following reaction:

s_ann® .
+ om0 409°23007C o6 4 amc1

SnCl, 2 2

It should be noticed, incidentally, that ;tannic'chloride vapour 1is not
hydrolyzgd by water vapour at gemperatures beiow 350°C (14}, and'that cvD

is thus an inherently high—temperaﬁﬁre process. By contrast, vacuum
deposition (Section 1.2.2) and sputtering (Section 1.2.3} are mot restricted
-as to temperature. Since Littleton (15) was granted the first patent for
producing tin oxide coatings on high voltage insulators in 1938, the patent

literature has become rich on the subject of Sn0, films prepared by CVD.

2

In most instances, the bbject was to obtainﬁfilms doped iIn such a
way as to have addquate conductivity. For example, Davies {16) in 1951 pat-
ented a process for obtaining doped tin oxide by spraying an aqueous solutiop
of Sn chloride plus other metal (Sh, In, Mn, V, Co and Zn) chloride;,‘cogech-
er with HCl, on a hot plate. Also issued in 1951 were six patents to Mochel

(17) dealing with conductive coatings, most of them based on doped tin oxide.

Coatings on glass were obtained by spraying for 10-20 s on heat-resisrtant

b 2 T TR S e T
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~ borosilicate glass, heaced to about 700°C, a sclution containing, e.g.,

_Sncla 5H20 lOOg. H 0 SOan, HC1 lOcr‘3 and SbC13 ‘The quantity of SbCl

!
was chosen so as to vleld films having between C.001 and 38% Sb203

o i -A patent issued to McAuley (18) in 1954 dealt with the addition

3

of tellurlum or tungsten chlorides to the solutlons to be sprayed 1n.order
to increase’ the electrical conductivicy of the films without reducing the

transparency. A solution of a Sn compound in a suitable organic vehicle ( o

i s
I3 -

to which has been added a soluble Te or W compound is sprayed on glags/
heated nearly to ité softening pOth;/ For example, a solution of/fdz
SnCla and. 907 isopropanql by,volumd’tp-which are added small amoé;ts of”
TeClk or WC16 is sprayed on a polished b¥§te of glass of:suitable size
after the latter has been heated at 650°C for 2 1/2 min.

In other instances conductivity was achieved by virtue of the
SnO2 fi%m being.somewhat reducéd; For example, bomer (19) in 1953 pre-
pared transparent, conducting films by evaporating SnClﬁ'ZHzo-crystais on
a glass substrate at AOOfC. The author does not mention what compound the
deposited film consisted of, though we suspect that it may have been a
mixture of Sn0 and SnOz. Ladwig (20}, in fac;, states that "SnO-containing
layers are precipitated from SnClz". Alsc Inokuchi and Tekuda (21) report
that SnO films were formed by spraving on glasg or quartz heated to 700°-
750°C a 152 solution of SnC12-5H20 in CH,OH.

A more explicit example of a reduced film is found in work by
Aitchison (22). He prepared transparent films of SnO2 by spraving SnClA
in ethanol or acetic acid on to surfaces at 500°-800°C, the breakdown of

the organic solvent producing reducing conditions and hence metal excess

oxides. Measurements of reflectivity permitted calculation of the thick-
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ness of the la§ers to be between 1000 and 4000 A.

Since these early studiés;there have been ét'least 22 other |
major attempts to prepare gpoz films in pure, dopeg, or reduéed-form.
These are summarized in Table 1.I. |

In most cases the films were characterized only in terms of their

transparency, condugtivity, or thickness. In a few instances, however,

~electron optical téchniques were used to get more precise structural in-

,

. formation. This includes evidence by Ishiguro et al. (27), tased on elec-

tron diffraction, that the "main pattern coincides with that of SnO2 ahd'

the rings are fairly sharp, indicating that the film is composed of crys-
tallites not so small as to Se interpreted as an amé?phOus state''.

Kuznetsov (9) reports that "electrographic investigations' showed the | s
films to have a crystalline structure, "with a unit cell completely iden-
tical to the SnO2 cell". Also, the film was isclated from the base layer

by dissolving the latter in water, and chemical analysis showed that the

film is composed of 99.9% SnO2 and a2 trace of monoxide (<0.1%Z). Besides,
spectroscopical investigatiom revealeé the presence of metal. Van der Maesen
and Witmer (35) report that K-;ay diag;ams of sprayed lavers show a crystal—»
line structure. Tigane (36) studied film surfacés by electron micgoscopy,
and observed that unheated.layers on glass at room temperature had a uni-
form, fine-grained structure. '"Tests on films heated tc 550°-650°C showed
considerable changes in the structure: idrregular crystallites appeared on
the surface of a uniform laver and the dimensions of these érystdllites
increased as the heating temperature increased.” Heating to 650°-700°C or
higher leads to the breakup of the continuous conducting film. Aboaf et al.

(2) observed that films deposited between 300° and 600°C were polvcrystal-
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line. Low-angle X—ray-diffractién (which gives informations on the bulk

m;terial) and reflection electren diffraccidn studies of the films indi-
cgtéd the presence of.a second pqase, most likely Sn0, in the surface
layer of the film. They report that the grain size of the film, for 3so0°c,
was ‘less. than 1000 &. |

1.2.2 Vacuum deposition — As an alternative to chemical preparation of

SnO2 films, vacuum evapdration has been used occasionally. Basically tﬁgre
are two variants--evaporation of SnO2 or of Sn.

Shiojiri et al. (41) prepared Sn02 films by the first variant,
.evaporation of Sn0, from a W basket onto’the surface of NaCl cleavages at
room temperature. In marked distinction te CVD films, the evaporated films
showed structureless microscopic images and gave rise t6 an amorphous
pattern in electron diffraction.. Electron irradiations of the order of
0.01 to 0.10 amperes/cm2 were made in the electron microssope by using a
large condenser lens aperture or by remexying it, in order‘to obtain a crys-
tallized product. The amorphéus tin oxide film was found to cfystallize
into fine granules as did TiO2 (rutile) prepared in the same way, and did
not grow into large grains.
films by theég&cond variant, namely bv

5

evaporation of tin (99.999%) from a tungsten boat under a 2 x 10 ° to

Spence M(42) obtained SnO2

2 x 10-4 torr partial pressure of oxvgen onto glass stubstrates at 300°C.
Film thicknesses variedlfrom 400 to 1600 A. /

The same technique was used by Van der Maesen and Witmer (33).
They obtained SnO2 films by evaporation of Su in an O2 atmosphere of

10_4 torr .onto a substrate at 280°C. X-ray diagrams showed the films to

have an amorphous structure.

T e L '
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1;2.3 Sputtering — Still a further alternative is sputtering. The first
examples were remarkable for the lack of formal composition‘concrol. For
éxaﬁple, it was found by Preston (43) that films deposited by sputtering
of a tin cathode in argon were idéncifiable by reflection electron diffrac-
tion as tin oxide. The formatioﬂ of the oxide was argued to be due either
to a‘suﬁerficial oxide film initially on the cathode or due to reaction
with traces of exypgen present because the chamber was not thoroughly out-
gassed. Anonymous (sic) (11) prepared SnO2 films in a similar way. He or

she reports: "... a sputtered partially oxidized tin film on glass is
subject to suitéble heat treatment. The initial film must be amorphous,
it seems, while the final product after heating gives the reflection
electron diffraction pattern of stannic oxide”. Holland and Siédal (19
have also prepared tin oxide films by reactive sputtering. Their tech-
nique involyed reaction of the cathode with oxygen before film deposition
and sputtering was then done in a 95% Ar-5% O2 atmosphere. Preston (44),
sputtering pure tin in argon followed by heating in air at 350°C for 5
min , pro@uced transparent, conductive tin oxide films. Substrates were
ordinary glass.

Secrist and Mackenzie (45) deposited non-crystalline films of
SnxOv on various substrates bv decomposing suitable compounds in an oxygen
plasma at approximately room temperature. The plasma was generated by a
d.c. glow discharge or alternativeiy by a microwave induced discharge.

Sinclair and Peters (46) wvere among the first to use a more repro-
ducible and currently acceptable approach to prepare SnO2 films by

sputtering. The method was, ramely, that of reactive sputtering, such

that a tin electrode is sputtered in oxygen. Films deposited on unheated

DONATI AT A L e



substrates were determined to be amorphous, as indicated by electron
diffraction results on the unsupported films and by X-ray diffraction
results on supported films. On heating the films to 400°C or higher, the

writers found that filwms crystallized to the rutile-like structure of cas-

s i

siterite with an average crystalline diameter of about 400 &. Amorphous-
ness of thgﬂas—de?bsited films and structure of thermally treated.films
were éonfirmed in a subsequent publication (47).

Lieberman and ﬂedrud (48) prepared oxide films of eleven metals
b& reactive sputtering. The use of a liquid-nitrogen cooled glass sub-
strate, to decrease the atomic mobility (especially that leading to sur-
face diffusion), resulted.in amorphous films in eight of the metai—oxide
systems including Sn. Reéctive sputtering was performed in 2 nominally
1:1 argon-oxygen mixture. Films of tin oxide wvere again confirmed to

crystallize as the rutile anadog of SnO Specifically, amorphous Sn0

27 2

heated for 1 hour at 250°C gave cassiterite-tvpe Snoz. Films were
examined by X-ray diffraction. Ve would point out that Sarjeant and Roy
(49) have examined the phases of metal oxides obtained {rom splat cooling
and other rapid quenching tecﬂniques aéd were unagie to prepare amorphous
SnOz. This suggests that sputtering is equivalent to a particularly rapid

quench.

Other examples of the formation of Sn0, by sputtering are summar-

2
ized in Table 1.T1.

1.2.4 Anodizing - Attempts to anodize tin so as to form a covering film
of SnO2 have remained remarkably unsuccesful from the first reported work

in 1937 until the most recent in 1968. The results were invariably of two

kinds: either the film was thick, badly adherent, and discoloured or it

2 T
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was of negligible thiékﬁesé_and'thereforc undetectable except by inferencei
An example of the_first.kind.is work by Kerr and MacNaughtan® (55),
who obtained blue-black coatings On.Sn'in solutions containing high concen-
trations of NazﬂPOA. Specifically, they used an équeOus solution containing
100 g/1 NaZHPO&.IZHZO and 20 ce/l H3PO& {specific gravity 1.75). Over a
wide range éf current density the. films were colourless below 60°C, various
shades.of gray between 60°C and 90°C and blue-black above 90°C. At 90°C a
minimum current density of 11 mA/cm2 was necessary to form a continuous
film. Up to about 32 mA/cm2 the current efficiency increased and above
that remained conmstant. On the assumption that the film was SnO2 (they
thought that the film that forms was probably the hydrated oxide, SnOz-HZO)
the thickness of the film formed in 4 min at 39 mA/cm2 was-l.8x103 nm.
The thickness increased with the time of treatment, with thicker films
tending to flake off.
Kerr (56) prepared anodic films on tin in sodium hydroxide solutions.
At 20°C a brown film was formed on the anode, repardless of other conditions.
At 50°C a yellow film was formed and much more Sn went into selution, es-
pecially at low current densities. At high current density the brown film
was formed and very little Sm went into solution. The vellow fiim was very
thin and unstable, especiallv when removed from the Sn surface while moisr,

and could be shown to consist of Snl), 68.5, SnO 12,4 and H_O 19.1%. Tr

2
was soluble in alkalies and acids. The hrown film may become much thicker
and more dense and was shown to consist of Sn02 80.9, Sn0 9.3 and H20 9.8%.
The brown film was more stable than the vellow, but it was changed to a

white powder by salt solutions or prolonged atmospheric exposure.

Bianchi (57) examined the conditions leading tu passivation of a sSn
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anode in an N4OH solution. Three different types of film were obtained
depending on the current density, varying in appearance from dark to light.:

brown. Addition to the alkaline bath of Na,CO NaChn.C00, NaCl, K25i0 or

‘ 2773 3 3
gelatin influenced -the current density at which passivation took place.

The above examples were all of the type where the films were thick,
badly adherent, and discoloured. In other work the result was essentially
the opposite, with the films having a negligible thickness.

For example, Shams el Din and Adb el Wahab (58) studied the anodic
oxidation of Sn in NaCH solutions of different concentration. Primary pa%—
sivity was obtained in all sclutions when the metal was covered with a film
inferred to consist of Sn(OI-i)2 or Sn0 (voltage <2). Permanent passivity set
in when supposed Sn(OH)A formed as a countinuous layer on the electrode sur-
face. They noted the competition between anodic formation and chemical dis-
solution of thé supposed Sn(OH)A.

Pugh et al. (59} made an assessment of the formation, composition
and properties of protective films on electrodeposited Sn coatings. The
alkaline electrolytes were variously 0.1N and N NaZCOB’ 0.1IN and N NaOH,
0.1M Naszoy.loHZU. Two steps were involved in the process, the first in-
valving eitrher Sn(OH)?, as inferred from V vs [ curves, or Sn0 or ?SnO.HQO,
as daduecad from electron diffraction patrerns. In the second stage, oxidation
ro Sn(nﬂ)a or Sn0, was believed to rake place.

Hampson and Larkin (060) determined the differential capacitance of
polycrvstalline Sn electrodes in a 0.1-0.0007 M .‘\’a(i].()[i solution. They
noticed "the tormation ot oxide eor hydroxide [ilms', with a typical thick-

ness ot perhaps 3 K.

Hampsoun and Speuacer (b1) studied the anodic betiaviour ot tin in

— K T g Bk 2 e v
SN R - B AR A



TR el et .,
15

v

potassium hydroxide solution. The Structure of thEﬁfilm on passive anode<
was assessed. They noted that discharge of OH on a passive electrode
occurred when a 50-110 & film of S:jl'O2 covered the anode.

1.2.5 Gas-oxidation of metrallié tin - One of the first comprehensive and

‘carefully carried out studies of oxide films formed on tin in air was by
Britton and Bright (62). Films were detached from the.metai substrate by
the following method: 'The metal specimen carrying its film and a coating
of Formavar {(a solution of 0.5-2% Formavar in chloroform or trichlorethyF
lene), with the edges trimmed to expose bare tin, is placed in a glass vessel
with one edge resting in a pool of mercury. The mercury amalgamates rapidly
with the tin and scon rises up the specimen under the surface films. The
film can then be peeled from the surface." The Formavar can then be dis-.
solved in chloroform. The oxide formed.on tin heated in air at 200°-220°C
was identified as stamnous oxide. At temperatures below 180°C the compo-
sition is uncertain and the film may be amorphous. This is of importance as
tentatively estabdishing the amorphous-crystalline transition of Sn0 to
oceur at ~200°C./
The observation éf Sn0 is in accordance with the informarion given
by previous investigpators (63,64}, Tt differs from the findings of
Kutzelnigg (65) who obtained stannie reartions from filme removed from the :
meral with ferric chloride solutions. -
Kuznetsov (9) prepared 5n02 by means of oxidation of a metallic tin )
layer in air at high temperature. Heé describes the main results in these
Lerms:  "The uvxidation reactions procecd in Ltwo stages: in the beginning at
200%¢ Lhc)mu[al was completely oxidized to SnU and then couverted in bulk to
5n02 by thrthur heating in the range 400°-450°C. The swmall part of Snu that

remained unoxidized decomposed spultitanceusly into the dioxide and metallie

&
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tin at these tcmpefatures. As a result of similar reactions, there arisecs
on the base layer an SnO2 film, which contains small impurities of Sn0 and
Sn in its structure." He obtained transparent layers with thicknesses up to
200 mm.

\\ Boggs et al. (66) examined, by means of electron wicroscopy and
electron diffraction, oxide films on pure tin, under different conditions

v

of me, temperature and oxygen pressure. Results show that only one crys-

talling oxide, a-Sn0, is for@ed under all of the oxidation conditions inves-

.

tigated. \ As far as the thickness of the film is concerned, they suggested a

value of abiut 10 nm for specimens oxidized at.190°C and 10 torr oxygen for

100 min. They, were able to identify crystalline @-5un0, qéwn to temperatures
as low as 75°C,\§n disagreement with Britton and Bright, who claim that the
filme is amorphous below 180°C.

. -

The formation of SnO2 was observed by Baird et al. (67) when metallic
tin films were oxidized within the electron microscope. The electron beam
was used as a source of heat. The Sn-{ilms were single-crystals and SnO2
formed below the melting point of tin.

1.2.6 Growing of single-crystals - We have seen that polycrystalline films
of SnO2 can he prepared by the hydroly<is of stannic rhloride in guhsrrares
heated to 400°-800°C. On the ather hand, Sn(l2 single crystals can bhe grown
by vapour-deposition techniques at temperatures excecding 1000°C. We will
refer to a few cxamples of the latter technigue, though it is out of the
context of this thesis. We are, in faucp, intcrested in techniques where
SnO2 can be prepared in dﬁ amorptious stute, thus permitting o« study of its
crystallization behaviour. The examples to be considered are chosen to re-
present; basically diffterent approaches, in which the species transported is

respectively 5Sn0 Sn, s5nCl, or Snl,.

2’ 4 4
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Marley and MacAvoy (68) prepared single-crystals of stannic oxide /1’

- - . 1
by a high temperature vapout deposition. -The method employed fnvolved the:
“high temperature vapour transpert of SnO2 powder, via a decomposition pro-

.

cess to SnQ and 02, followed by subsequent reoxidation and deposition of
SnO2 crystals at lower temperatures. The temperature. of the véporization

site was 1300°-1650°C.

Reed EE.El; {69) used a reaction between tin vapour and oxygen at
135G6°C. P -

ngasawﬁ’g& al

. (70) grew an2 crystals using the vapour reaction
of Sncéaowith Hzo;: Vapours of H20 and SnClA were,trénsported by carrier
gises (02 and Nz) into thé_growing zone, which was at a temperature between
1100° and 13@0°C.

SnO% single-crystalline films; providing electrically conductive,

transparént‘coatings, were prepared by Caslavska and Roy (71). Substrates

.
I

were rut%ie single-cryvstals at 450°-650°C. SnI4 was used fdgr the hydrolysis
reaction;é Sal, + 2H,0 = S0, + 4HI.

i 2 2

hesidés the examples based on vapour transport we would point out
that liquid phase procedures have also been used.

Kunkle and Kehnke (72) report an evaporation method in which SnO2
crystals "gre grown frow a Cu20 flux". It is of interest to note here that
these_author; mention havf%g experienced some difficulty in "operating above

.1250°C whegg‘there seems to be an increased tendency for-the formation of
small amcunté of free copper and/or rin which react with platinum and des—.
troy the crucible”. We have experienced a similar effect ourselves when
trying to evaporate SnO2 powder. In fact, at 1250°C and at an oxygen par-

. -10 . . . .
tial pressure <10 torr, SnO2 dissociates according to the reactionm,

SnOZ(s) ~ Sn(i) + 02(8) (cfr. Section 4.4.4).
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Gruner (73) described a simplified method of growing Sn0, crystals

2
at 1300°C. erstals were grown from pure Sn in corundum crucibles, the

roughness of the crucible walls allowing access of the necessary oxygen

for oxidation of the Sn to SnOz.

1.2.7.‘Ion—bombardment of SnO2 - Naguib and Kelly (74) have deveiopcd three
criteria to predict the structural‘stability of solids ;nder ion-impact, in
particula; to indic;te the likelihood of crystalliné-amorphous transitions,
amorphous-crystalline transitions, or stoichiometry changes. The first

‘ , . _
criterion states that the ratio of crystallization temperature (Tc)} to
_melting temperature (Tm) must be lower than 0.30Q for cfystallinity to be
preserved. This temperaturg—ratio critérion worked for some 33 cut of 3%
substances for which information was available (74). (As a matter of facet,
the success of this criterion is somewhat greater, as the article in ques-—
tion did not consider mixed oxides such as columbite, wolfrdmite or zircon.)
The above mentioned substances are tabulated inm Table 1.111, while Table
1.1V gives all mixed oxides for which information is available.

The second criterion of Ref. (74) states that the ionicity must be
greater than 0.59 for crystallinity to be préserved and less than 0.47 for
amorphicity to be preserved. It was successful in 50 out of 53 cases for
which information was given (74). Mixed oxidgs are here difficult to in;
clude{las it is not clear whether a material such as zircon should be re-
ggrdedués having the ionicity of ZrOZ, or of 8102, or of the average. This
criterion is basically empirical, without an explicit underlying physical
model .

A third criterion for oxides stability under ion-iwmpact is one
* £

concerned with oxygen loss. Oxides losing oxygen under ion-impact, namely

undergoing a stoichiometry change, usually show a lower enthalpy change for
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. Temperature-ratio criterion and the structural stability

- of crystalline solids under\iovn—impact (from Ref. 74)

Substance Te/Tm Observed structure
( K/ K) .. following ion-impact
Ge 0.61 am
Si 0.59 am
Bi,Te, 0.55 " am
A52833 >0.47 am -
S5icC 20.33 am .
I‘IOS:2 ~0.39 am
GaSb >0.64 am
siN, 0.31-0.41 am
AlAs 0.31 am
Mc;O3 0.49 am
TeC)2 0.53 am
AlP 0.32 am
© GaAs >0.38 am
InSb >0.78 am
W03 0.43 am
InAs ~0.64 am
GaP ~v0.38-0.44 -am
B:i.203 ' 0.49 am
Gel C.65 am
Fe,0, ~0.43 am’
8102 0.~57 am
V205 . (_.'),61 am
Al,0, 0.59 am
Cr,0, - 0.27 am
Nb,0 0.42—0.1{9 am




Temperature-ratio criterion und the structural stability

-

of" ct;ystalline solids under ion—impac_t (from Ref. 74)

O

- (continut_a'd)
'1‘102 0.35 am
BeO 0.21 crY
Ta205' » 0.38-0.46 -am
Thf)2 ’ <0.20 cr
ZI:O2 0.27 er
Hf02 w0.25 cr
. U02 0.30 cr
Mg0 %0.15 cr
Cad 0. 22 cr
-
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/

partial atomization (leaving a-residue of a lower ‘oxide) than for complete
L ] - .

atomization (leaving no residue). Foriexample with TiO2 we have the

. .
. 1

following:

S

partial atomization leaving residue of T1203,

partial qtomizétion leaving residue of TiO, AHa = 6.4 eV

AH = 5.1,V
a .

complete atomization leaving no residue, AHa = 6.4 eV

A bombardment-induced change TiO2 -+ Ti203 is thus predicted. The oxygen
loss can in turn be detected by the remarkable increase in the electrical
conductivity that normally accoﬁpanies it. In faect, an increase in the
concentration of oxygen vacancies in some cases impiies hn increase in con-

ductivity, according to the following:

{_ 05 t 2e + 02 7+ oxygen ion on lattice site

b p=

In other cases, the oxygen loss leads to a completely different oxide

having metallic properties.

These criteria ;re readily applied to Snbz. The ratio Te/Tm is
here “0.41 and the ionicity 0.43 (to bé‘discussed in Chapter 53) both of
which suggest easy amorphizability. The eriterion reléting to oxygen
loss (to be discussed_in Chapter 6) suggests that loss will not take place.

There is apparently no other information on ion-impact effects with

SnO2 to be considered, as this substance, in spite of its increasing elec-

tronic interest, has never been the object of an explicit ion-bombardment

study.

1.3 Conclusions drawn from the literature survey

\\ Basically four different approaches have been used to form SnO2
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film§. (a) Mést commonly the films have been formed by-CVD, for example
by passing SnCl4 or 5“C14 plus water vapour over a substrate held at 400°-
BOO°C (2,20,24,27,29~31,33-35,38)or by a similér érocedure involving other
- volati}e ti{ compounds (1,9,16,22,23,25,27,28;32,35%71). (b) 1In other
work vacuum evaporation of SnO2 {41) has been uséd 50 as to take advéntnge
of the unusualiy high vapour pressure_(?ﬁ). Closely related is the reac-
tive evaéoration of Sn (35,42). (c) Sn02 films have been successfully
prepared by re;ctive sputteriug e;ther of Sn cathedes (11,43,44,46-48,50,
51,54) or of SnO2 itself (10,52?. {(d) Finally, gas oxidation of metallic
tin has sometimes (9,65,67), though not always (62-64,66), produced 510,
films.

" The present knowledge, as far gs structural characterization is
concerned, is largely confined to two results: chemically dcpositedilayers
are invariably crystalline (2,9,27,30,55) while evaporated or reactively
sputtered lavers are normally (11,35,&1,65—48,543.chOugh not alwavs (43,
50,52;5ﬂ) amorphous. Evidently the range of crystallization temperatures
for supported SnO2 films lies in the interval between the substrate tem-
peratures used in chemical deposition and those used in evaporation or
sput tering.

Concerning the possibility of obtaining SnO2 films by anodizing Sn
at high voltages, work with both acidic (55,60) and basic (56,58,59) elec-
trolytes has generally involved low voltages (<5) and never values (>>5)
characteristic of the growth of thick, uniform, protective films analogous
to those formed on Si (77) and Ge (78). More specifically, Hampson and

Larkin (60) showed that the capacitances of anodically polarized Sn_had

values appropriate to perhaps a monolaver of oxide when acidic electrelytes




were usqd. Kerr (56), by contrést, obtained thick films (up to ldé n:n)
with basic electrolytes but the films néither'éhowed inécrference colours
nor supported a significant vbltage: Only Bianchi (57) appears to have..
succeded in,polarizidg 5n at a high voltage. Using an-elec:rolyte of
water with NaOH and potassium silicate he.reached 100 Vv, though the film
was described as a "thick, black crust" and this cannot, therefore, be

considered as a meaningful way to prepare anodic SnOz.

As far as ion-impact effects are concerned, there is, ‘as already
mentioned in Section 1.2.7, no préviously published study in which SnO2
was considered explicitly. We have therefore made use of the general
criteria (74) and concluded Lhat SnO2 sho;ld amorphize but not lose oxygen.

Though the instability of a crystalline oxide under ion-impact,
i.e. its amorphization, is not by itself an unusual resﬁlt, it is known
that émorphizability is often the precursor of bombardment-induced oxygen
loss. if such loss were to occur with Sn02 (in spite of our prediction
that it will not), the result would be of fundamental importance in ‘
device fabrication owing to the semiconducting nature of sub;stoichiometric
Sn02. Its conductivity varies as much as 5 orders of magnitude due to
stoichiometry changes (79). Besides, amorphizability infers the possi-
bility of etching and this again is vital for device fabrication.

We will in the following two chapters describe experiments in which
SnO2 films "have been prepared both by sputtering and by anodizing. The
anodic;lly—formed films are perhaps the most unique of the two types, as it
was found pbssible (apparently for the first time) to anodize $n in =z

"normal manner". For example, anedizing voltages up to 65 V were used and

the growing films showed 6 orders of interference colours. Major emphasis
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will be put in these two chapters into characterizing the films strué—
turally. This will be seen to lead to explicit information on crysfﬁl-

lization and on grain growth.
The fourth chapter will describe an attempt to prepare Snoz,films
by 02+ bombardment of Sn. The nominal objective failed in that the films

'
. had the stoichiometry Sn0.

Ion-impact effects with Sn02 films will be considered in Chapter 5,
where results will be given concerning sputtering and amorphization.
This will end Part 1 of the thesis, devoted, as has been seen, to

the preparation and properties of Sn0, films.

~
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CHAPTER 2
N;‘
SPUTTEEED FILMS

2.1 Introduction¥*

Sputfering is the term describing the éjecgion of atoms from a
. -+

solid surface due to the impact of high kinetic energy particles. The
ejected atoms can be deposited on a substrate, providing a method of"
constructing thin films atonm by:atom. Since sputtering is a non~
evaporative process,'high*mel£ing point materials like Ta and W, and
even ceramics, can be deposited. This makes the technique useful in
microelectronics and other areas where films of such materials are
desired.

The phenomenon of sputtering was first observed as far back as
1852, when an Englishman named Grove notieed that {n a normal plow dis~
charge, cathode material was deposited on surrounding surfaces. In rhe
1920's sputtering was widelv ysed for depositing metals, mainly gnld and
silver, on fabries for decarative purpases.  In the same period,
sputtering pot into electronies: the old Fdiphone records required a
mold that could be made from rhe wax master cut in the‘rarnrding studio.

™

Sputtering proved convenient because, being essentially a8 "cold" process,

* The material of this introductfon 15 adapted from an article by

G. Wehner, which appeared (u the September 1968 issue of Science and

Technolopv.
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it could deposit a,metal film Qiredtlj onto the wax, Yet reproduce faith-

o -

fully everf nuance of the suffacé. .7 "

Ouce~ the technology of high vacuum was mastered, sputtering

pretty much went out of the picture in gany applications because vacuum

Aevaporation was” the simpler and more stra;ghtforward method of .depositing

thin films. Then in the late 1950's, came the concept of microminlatur-

ization of electronic circuits, and with it the need to deposit films of

refracting metals like Nb, W and Mo, materials with melting points far too

-

high for simple vacuum evaporation: Thus sputtering was rejuvenated.
Researchers have found that, in ggytterlng, the material is always
transferred in the same composition, SO that. -the deposited fllms have the
Same composition as the original target, even if the target is some
éomplex"alloy. This ability to deposit ﬁaterial without influencing its
com#osition is one of the distinct advantages of sputtering, and one of

the reasons it is now so Popular. Another.reason is that it has been

" learned recently how to sputter electrical insulating materials, as well

as métalsnand alloys. Thi§\is done using the so—called rf-sputtering.

In integrated circuitry, fot é;ample, cne must be able to lay down di-
electric films as ef}iciently a4s one does metals and alloys. These insul-
ators range from quartz and the simpler gjasses'through aluminum oxide
and, more recently SOpﬁisticated materials like silicon nitride., All
5hese can be deposited by sputtering, as can Pyrex glass. Finally, it‘is
an established fact that sputtered films sdhere far more strongly to most
substrates than films deposite& by other techniques such as vacuum

evaporation or plasma-spraying.




2.2 Experimental T -

L]

.2.2.1. Reactive éputtering - The preparation of SnO2 films by reactive

sputtering is an alfea@y Qéll-understoqd process. .In the present work
Ehe equipment was of the diode 'type (e.g., 1,2), with a 50 mm-di;meter
Sn.cnthode. The substrates, consiscing/of pieces of chemically polished
Al, Ta, or V, or of cleaved KCl, or of air-annealed Snoz, were laid on a
42 mm diameter anode table placed 30 mm beneath the cathode. The dark—
space region. of the discharge usually extended about 20 mm away from\the

cathode when the gag pressure was about 1 x 10 2 torr. The gas was a 1:1

mixture of oxygen and argon whkich was purified by being passed through a

liqulaLnitrogen trap. Applied d-c voltages ranged from 1000 to 3000 “and

the discharge cu:rent was typically 10 mA. Those films® which were depcsited

on KC1 could be stripped using water.

2.2.2 lon-beam sputtering - SnO2 filws were also prepared by sputtering,
Sn anodized to 50V with 10-30 keV Kr ions at doses ranging from 25 to 200
LtAmin/cm - The sputtering was performed using a high—current ion accel-
erator and collecting the deposit on-unheated KC1 (3) This method of
film preparation involves a vacuum of 10 =6 torr and the sputtered particiles
therefcre reach the sutstrate with their full energy [1-60 eV (4)] and
without coutamination.

SnO2 films were also prepared by ion-beam sputtering of pressed
and sintered SnO2 powder, SnO2 being an insulating material, a tungsten
filament emitting thermoelectrons was put close to the target. In this

way we have been able to obtain ilonic currents of 30-60 u A (at an ion

~

energy of 4 and 5 keV and background pressure of 1 x 10 6 torr).

Yamanaka and Oohashi (16) prepared SnO2 filws by ion-beam sput-
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. tering, the target material be.ing‘SuO2 oressed and sintered powder. They
.do not give'details of the experimental technique, except for values of 4.5

kV for the applied VOltage and gas pressure of 3 x lO torr. Thej chaim’

that films obtained, were composed of crystallites with a* rutile-like

N -
. .
P

structure.

We obtained in~samples of the same, sputtering, both amorphous as
well as crystalline regions, possibly -due to ‘a temperature gradient in the
'Supports where fllms were collected (grndient due to the hot tungsten

filament). -

The uncertainty on the structure of the as—deﬁosited film, as well

as the quite troublesome technique of sputtering an iusulating material,

were the. reasons why we decided to build a3 reactive sputtering apparatus

(at this time we had in fact hot yet ‘been successful in obtaining anodized
Sn02; in fact, chronological-ly,ASnO2 films were first sputter-deposited by
ion-beam sputtering of’ SnO2 pressed and sintered powder, then by reactive

sputtering and finally by ion-beam ‘sputtering of anodized tin).

2.3 Results

2.3. l Film continuity and crystal form - The state of the films that were

.obtained was determined using transmission electron microscopy as well as

~

electron dgifraction. Some 400 specimens were examined, the main trends

being as follows:
(1) Reactive sputtering onto KCl substrates at —-100°C gave
amorphous films, sométimes continuous and sometimes nith
an island structure (Fig. 2.1). Though the island structure.
1s not understood, the amorphousness is’a reasonable result

¢
given that most oxides deposit amorphously at low temper-
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(11)

(1ii)

2.3.2 Crystallization behaviour - The main trends resulted to be as follows:

36

atures (3,5).

Reactive sputtering onto KCl or Ta at 25°-200°C as well as .
ion-beam 5putteri£g:onto KCl at ?SQC, gave amorphous films
whiéh were continuous (Fig. 2.2). }Apﬁaréntly 25°-200°C also
constitute "low" téﬁperatures as far';s S0, is'concgrned.
Reactive sputtering.bntp SnO2 ;ingle-crystals or sintered
pellets at 200°C ga;e finely polycrystalliaé;films with the
structure of c&ssiteritéi(Fié; 2.3). This result isgcénsis-_
tent with- the feady availability of érjstullizatiom nuclel

in spite 6f-'the temperature being “low".

/

-

(1)

Unsupported films, whether formed by reactive or ion-beam
sputtering (Fig. 2.4-2.6), crystallized in air at 475°-550°¢C,
to yield grains having‘éizes <100 §.

In Fig. 2.4 the effect of heat treatment (films stripped

‘from KC1 and then heated in alr) on the crystallization of a

reactively sputtered film (refrigerated substrates) is shown.
The upper row of transmission micrographs illustrates thg
transition from an amorphous film on the left to a uniform
and completely crystallized structure on the right._ The
corresponding electron diffractiog patterns. are shown in the
lower row. The diffuse bands of an amorphous phase are seen
in the diffraction pattern for the as-sputtered film before

heat treatment (Fig., 2.4(b)). A stage just before the onset

of crystallization is seen after 6 min at 450°C (Fig. 2.4(d)),

the diffuse bands of the amorphous phase still being present.

Crystallization 18 well underway at 550°C (Fig. 2.4(f)) and

.

= SIS
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(a). (b)

(c) () '

o

Fig. 2.3. Reflection electron dif-

fraction patterns of (a) Sn0
Erystal. {b) Sn0O

2 single

2 film deposited on

SnO2 single crvstal, (c);,/SnO2 sintered

pellet, (d) SnO2 film deposited on

SnO2 sintered pellet.
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mag. 11,000-80 keV mag. 11,000-80 keV mag. 11,000-80 keV

no heat 450°C 475°C

(h) (d) (f)

Fig. 2.5. FEffect of heat treatment in alr on crystal-
lization of reactively sputtered (heated substratea)
unsuppor ted SnO2 filﬁa. Separate specimens were used for
each treatment (6 min hold times in furnace). The cry-

atallization temperature is shown to be “475°C.
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mag. 11,000-80 keV mag. 11,000-80 keV

mag. 11,000-80 keV

(1)

815°C

720°Cc”.

590°C

(1)

Fig. 2.6 (continued)
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compléte at 675°C (Fig. 2.A(h)) and’highar, i.e. 860° and
900°C (Fig. 2'.4'(:.),(1))-., At -1000°C (Figi+2.4(0)) the dif-
fraction pattern retains rings of the polycrystalllne phaae
together with a 3potty”pattern. Thus, the effect of haating ,
was to initiate the amorphous-crysgalline transition At about
350°C, while no appreciable crystal gréwth occurred up ;o
1000°C. As a mitter of fact, dark field imnges (Fig. 2. a(m)&
(p)) reveal a grain size not higher thair 400 R at 1000°C
showing thae Polycrystallinicy of SnO2 to be on.a fairly fine
scale. . | .

A similar evolution is shown in Fis 2.5, where the .
starting material is a continuous'(as distinct from island
structure) film of SnO2 propared by reactive sputtering on
heated (v200°C) su;sérates.' Films wero stripped from KC1
artd heated in air with hold times of 6‘min. A grain size
€100 R will 'b.e noted in a Film crystallized at 600°C
(Flg. 2.5, (00, (1), |

Fig. 2.6, where S'nO2 ftlﬁp wore prepared by ion-beam
sputtering of anbdi:od tin; is similar. SnO2 preparcd by
ion-beam sputtering has, therefore, the same crystallization
Eemperature as SnO2 prepared by reactive sputtering, which,
in the-light of Hecq and Portier's papar (2) (to bo discus-
sed in Section 2,4), is a remarkable result,

A somewhat lower crystallization tomperature was‘ob-
tained for heating in vacuum (107> torr)(fig. 2.7). Hoating

. waa here carried on using the heating stage of the oclectron

nicroscope, so that the structure change versus temparatura

oWy



420°C ' | 600°C

Fig. 2.7. Same sample which gives tranamisaion
and diffraction pattern of Fig. 2.2(a) {hence
deposited by reactive aputtering on heated
subatrates) heat treated inside the microacope.
Transmission, diffraction.and dark fleld images
at 420° and 600°C respectively. Resulta at
500° and $50°C were very similar. '
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was directly observed {rom thgﬁdiffrnction pattern evolution
on the screen of the'microsgéﬁe, Structure changes corresa-
\ponding to kﬁown valucs of the temper#ture could thus be
recorded. | -
- (31)  Supported fllms showed. a‘still greater raduction in crystal;
B lization temperature, with afvaiua'of about h00°—d50°0, when.
_;__ in contact with_Ta (Fié. 2.8).: Here the abfupt aplitting of

' - the -second halo has been taken as sigﬁalliﬁg the onset of
crﬁstalli;ation. The cryéialiizatioﬁ jomperature was 250°-
300°C for films 1ﬁ contact with KC1 (Fig. 2.9), and <200°C
(thence crystailino'aa depoaitad)‘whon in contact with
cryatalline Sqoz (Fig. 2.3).

(111) A grain aizq 600 3:15 obtainad after hénting in alr on KCl
substrate at 550°-600°C (Fig. 2.10). A iower grain size was
obt#ined at all tamperatures up to v1000°C when samples were

Fﬁunsupporﬁod during heating (Fig. 2.4-2.7), The grainé forned
were, thorefora. larger in uupporhed filpa. The various re-
sults aro summarized in Table 2.1. The differences in crya-
tallization tomparature and grain size suggest that nucloation
rather than growth ia the rate-controlling atep in the crya-
tallication of Snoé and, while porhaps not fully rate-

P controlling, at least plays a role in grain growth.

2.3.3 Abruptness of cryastallization = A cousistent result, clearly shown in
4

Fig. 2.4-2.6 and summarized in Table 2.1I, is that the crystallization of
JSnoz occui® in a fairly narrow temporature interval. Following the diacua-
alon of Mader (6), thie will be taken as auggesting that the filma consiated

e
of a true amorphous phase as diatinct from a microcryatalline material such



Mg,

air.

(a) ).

-

2.8. Reactive sputtering on Ta at ~50°C. (a) % win at 410°C in
(b) 5 min at 440°C in air.- . ~~

-—

49"'_



50

(b) (d) (£)

Fig. 2.9. The effect on propresaive cgyatalliaatioﬂ of heating the
filma directly on KC1l substratea. Ailr heating with hold timaq_of
6 min. (b), (d) and (f) are diffraction micrographs of (a), (c) and

(e) reapectively. (a) mag. 17,000-100 keV, (c) mag. 22,000-80 keV,
(e) wmag. 22,000-80 keV. ‘
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Fig. 2.10. Tranaminsion, diffraction and dark fleld micrographa of
Sn0, film deponitad by reactive aputtering on KCl subatrate. Then
hea;;ed. on KC1 itaelf, for € min at 530°-600°C in air. Showing a
graln alze an high an 600 A. '
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TABLE 2.1

Grain size in hoat troated SnO2 filma
?.‘ . e

Alr amnealing - Unsupported films

Tomperature (°C) Grain aize (X) - Figure
600 . . <100 2.5
720 <100
815 <100 2.4
900 <400
1000 | <400 2.4

Vacuun anncaling - Unaupported filma

420 . € 50
600 <100

2!7
2.7

Alr annealing - Supported filma

550-600 £600 -

2.10
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Tomparature interval for crystallization

of uhéupported SuO2 filma
" .

Figure Higheat temperature Tamparatuigfkith Lowest temporature
with no ovidence of partial with full
cryatallization crvetallization cryatallization

2.4 450 550 675
2.5 450 475 500
2.6 475 550 590

fad
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as that demonstrated in Chapter 3 to occur in uﬁodic-films.

- 2.3.4 Thickness of roactively sputtored films -.In brdet to determine the

thicknaasua of tho reactivaly sputterod films, substrates of Al, Sn, Ta, and
V wore included among the KCl-cleavings on ghc anode table. It was hoped
that well-definod interference colohru would develop, and indeod satisfactory
rosults wore obtainod with Ta, while we did not obtain nny clearly duthcﬁqbld
intarferenco colours on Al, Sn.'aqd V. Tho colours for _SnO2 on Ta were then
described in terms of & Qoltngc such that when Ta was Anodized to this vol-

tage the mame colour was obtained. It was thon assumed that the films had a

aimilar "optical thickness", i,e,

n d .
SnO2 SnO2 la,C

2 i\ 2 5
where n, the index of refraction, was takon as 1.95 for SnO2 (7) and 2,20

for Ta 20 (8). Sinca the thickness of anodic Tn205 in given by 16.7 R/v
Va
(9), wo finally have

dSnOZ - 19 R/v (2.1)

whoro tho voltage rofora to that to which Ta ia anodized. The results are

summarizod in Table 2.11I.

2.4 Discussion

Tha propurstion of SnO2 by roactive aputtoring has a long precedent
in the literature and we have little to add, at least from the point of viaew
of preparation as an ond in itself. The atructural characteristics of SnO2
£1lma hnvo} on the other hand, boon largely noglected. Kven such baaic
concepts as whether the filme are amorphous or microcrystalline, and, if the
former, the valuec of the crystalllzation temporature, have not been pre=-

-~

vioumly.uuttled in a wvatiafactory way. The work has in all camcs applied to
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TABLE 2,1II

o

Thicknesaes of reactivoly aputtered SnO2 filma

Voltage to which Thickness of
Ta must ba anodized SnG, film

Interforoncoe colour to show sameo from Eq. (2.1)

of S§n0, on Ta colour {(a)

Dark blue 24 | 470

Intormodiata blue 40 760

Light blue ) 48 910

Bluc with bit of yallow 54 1030

Yollow with bit of rad 80 1520

Purplo 85 1620

Yollowiah green 120 2280

(a) The Ta was anodizod for 3 minutea in 0.2% KF,
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supportad films fwhoru nucloation problems cnter) and, considering just the
f;”ﬁroblem of the cryétallizutioﬁ tomperaturc, the temporature wus noiﬁully
given an a_liﬁitr(c.g.. ~280°C (10), <400°C (ll),‘<500°C (12)). Tho prosont
jwark'suggosta thuélthu crystallizatlon tempqrdturu deponda atrongly on the
nucloation conditions as governed by the substrate, varying from <200°C for
eryntalline SnO2 substratas, to 250°—300°C'for KCl -subatratoes, to 400°-450°C
for Ta subastratea, to 475°-550°C for unsupportod filma, Wo would propose
that 475°-550°C is the upper limit to the cryatalllzation. omﬁuruturc. A
glmilar offect has been noted in the crystallization of am::;hgyn szos and
'l‘u'205 (13), doponding on whether the filwma wore unsupported or ih\contnet
with the motal. The unsupportad filma had thd highor crystallization éﬁm—
porature. The tompoeraturoe "<200°C" hore spacificd for crystallization on an
SI\O2 substrate noeds qualification. It applics to crystallization during
doposition ‘and is thorofore diatinct from crystallization of a fully formed z>
amorphous layer such as that formed by lon-impact on SuO2 (Chaptor 8). A
eimilar diatinction {m known with S{ and Ge {14) and romalns to this day of

uncortain origin.

L

Aa far as agrooment wiFh othor work on-SnO2 iu concerned, the range
250?1650°C for cryatallization on KCl or Ta nubatrates is compatible with
virnually.all provious work (1,5.10-12.15) except that of Hecq und Portiar
(2) -and of Yamanaka and Ochashi (16). The former authors obtained cryatal-
line Sn02 filme at 90°C for'nufficiuntly large anodo-cathode soparationu.
The argumont wan made that tho donsity of nucleation sites should be low
(lcading to a crystalline film) for low aputtered-particle enargica such as

would reault with large anode-cathode n&parutionn. A aimilar J?fuct'may

have occurred also with Raf, (16), as the product (proenure) x (soparation)

waa hore as large as with Ref. (2) (Table 2.1V).

| R




The product soparatiom x progaurao

for roactive asputtop{ng of $nd
/),f .

TABLE 2.1v

T T T T I Y 4 S AU oty

2

ARV LI D e e a am

Separation x presauro

Stato of Sn0D

Roference (mm torr) film 2
-]

Vainahtein (1) 2.4 cryatalling
Yamanaka and Ochashi (16) 1.8 cryatalline
Hocq and Portier (2) 1.5 crystallinee
Sinclair and Potora (11) 0.95 amorphoun
Hecq and Portior (2) 0.75 nmorgpoun
Licborman and Modrud (5) 0.7 anotphoun
presont work (a) 0.3 amor phous
prasont work (b) . 0.00 amorphoua :

Y

(a) roactivae aputtoring

{b) ion-beam aputtaring

P e
> Z Pk +

-

i e wden
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By way of compnriaon with substancea othor than bnoz, wo would firat @
of all point out that Lartuin othor amorphouﬂ oxldes aluo show a wubatrate

offoct.. They include the. .following oxamplos:

oxide - ALO,(1T) 510 (18,19) Nb 05(20)  Ta,0,(20) Tuozczi)

cryat. tomp. in D s00 - 700 475 550 260 °

contact with . C

matal (°C) or

crystalline t _ :

oxide : .
{ ' - :

cryat. tomp. whon 680 >1300 590 . 115 400

unsupportad (°C)

§10,, Ge0,, and Sn0, couatitute a-homologolin merivce and here the main fea-
turo to emphasize ia that the crystallization tomporaturon decroase along
tho aoriné. For example, we have >1300°C for 8102 (19), ~630°C for Guo2
(22), and 475°=550°C for SnO2 (presont work), in all cancs for usupported

matorial.

A consiatent rosult in this work has been that amorphoun Snoz.
formed by either reactive or ion-boam sputtoring, crystallized to cau-
aiterite. Likewise SnO2 filma formed anodicnlay (woe next chapter) ware
cansitorite as formed. In view of the fact that other amorphoun axiden
often yiold metantable or high-teomperature phases when cryuthlllzud
(Table 2.V), a poasible concluaion is that SnO2 lacka motastable or high-
tomparature phasea. Whether or not thin conclusion ie warranted will be
shown in part when the phase relationm of SnO2 in the atill unatudied
region abova about 1600°C are determinod. (We would polnt out that an
argument of this type ia ania with Mooa. Teoz. U02. and V205. all of

vhich crystallize to the normal cryetal type and, furthermore, have only

one known phase.)
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CHAI'TER 3
N '
ANODIC FILMS
31 Introduction - ‘ T

Anodie'oxidation 1a a film prepnration technique by which oxides

are prepared on subetrates of the pnrent matal (though not neceararilyn),

Aa the name implies, the !ilm ia made to grow on the anoda in an olectro=

lytic coll. the hnaic equations that govern the proceaa being aimilar in

apirit, though not in detail, to what follows:

at anoddl
) M+ hﬂzo *dMO“ + 2nuf +* 2ne". | (3.1)
at- cathode A\ i
U o‘+ o™+ ouT + ’,‘;u2 e

Thus an oxidergrowi on. the metal ancde CUrtaqe and hydiogen is evolved
at the cathode. With aome materialae’ and/ot olactrolyten this may not be
tho anddiuina reaction, with the metal of the unodu inatend aoina 1nto
solution or oxygen haing evolvod or species other than u and on~ boing

©

- formed.

3.0 The glgegrolv;e = The choice of the eleee:olyte e partteularly

* Fnr exnmple. usina Na2N03 48 the oleetrolyte. one can depoait woa

" an Mg anode . ‘ ‘ (,,".///
. - . -~ _./)'
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Sroad bainé deternined in principle by the following rcquifementu: ‘the
electrolyte (a) muat not be able to diaaolva the anodic oxido. (b) nust
be electrically conducting and (e) muut contain oxygen,

The total current“within tho olectrolyte ir the aum of the ionic :
current ldading to film prowth, the {pnic.current leading to diseolution,
and the ealectronic curfeut. At ;hu‘catﬁbde. by chooding a platinum elec=
trede, one insuree that thidrchfrent in purely electfonic. At the anode,
both ionic‘gnﬂ eI;chronic CUErONte may pass chrouuh the oxide layer beiny
| formed, The preaence of ionic current leading to diauolution will reault,

an a_ sufficient but not nnceauary condition, in a low anodiuiﬁa afficiency,

—_

and. 1¢ tha disrolution rate is.comparable to the growth Vate. the film will
never grow to larsn thickneanea. '

t s,

The main source o! oxygan in tha oxlde 1w the wataer contained in’
thn ulaotrolvta. an ahuwn by Croset et al. (1). whiln only a migor per=
centage of it comes from“the_aalt. A poraible role of an organic 11quid
as the olactrolyte. in thoae inatances vhere one ia uaed. la apain the
production of watar. It hae.baen, in !act. ohaarved (l) that the productien
of water per Faraday iu double vwhen uains ethylene plyeol, which containa
two oxyaqne per moleau}o. than in the cngqrot N-mathylncetamidq. wh1o§ conf
~ taine only one. g | -

3. 1 2 The Ao wth g the g;;m Anodic oxide filme ave qommonly prepared
under one of three diftorant conditions. The firet method coneiata of
g:owina under eonatant-voltnaa conditiona until the current ia oonvaniently
small., Its diundvantaae is that the current 1@ 1nitially uneontrollnhly
high &0 thg: the structure of the anodic film may be uhprediotahlq. In the

. sacend, A constant current ie passed through the cell eo that the total

-

!




amount o( film in propor;iéndi‘to the uimo,foéywhich the current ia paseed.
Apain there iu a diahd?antngo:‘ whilo the amount of film ie lacpely propor-

tional to timo. chn tllm ia not normnlly of uniform Lhicknnaa. Tha third
| nethoad lnvnlvou a vonstnnt current followad by conetant véltage. It in
aenurnllv‘raﬂurded 1] nivina tho baat filma an \auarda predictability of
atructuro and undformtty of thickneas.

If the oxlde ia a poor olectronic conductor and tho alectrolyte

doer not attack tho oxido. :hq applied voltann aeta up an electroatatic

tiold in the oxlde (or increases the already exiatinn fiold) and produces.

oA continued grnwth of the Eilm by cauainu metal and/or oxypen fona to mi-

prate through the film.. Thcro ia, howevar. a- 1imlt to the thickneas thnc
can be obtainod. tho 11mit1na factora haina vnrioualy {a) chemienl. (b)
electrochemical, (c) electrical, and (d) atructural. Ar an oaample. we
would note the work of Ynhalom and Zahavi (2) whoro filna on Al, Ta and T4
weve tound to grow in a normal manner ae long aa they ware amorphoua. At
\ cnrtain thiicknosa they ware found to.cryetallive and the voltaao there«
after rose only raluctantly. Thie ia shown in Mg A1 for Al.

T L1y

|ot . o : ".
0k . '

. ' ] ) ‘

-

-

.

-
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l: H—i"'FH'i*i‘l"ikﬂH‘l\'ﬁﬂﬂ&'ﬁﬁh\'to
‘ Fiu. 3. l¢_,0cil-:th;£c tranalent of

alumindum ngodtalna in 0. 1@[Na2$04 . B
at 30 um/em (Erom’Riﬁ 2)
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Thua, the prowth of ancdic filma in hnuichlly a prnbiom in the

 ion1c conductivity of oxideu at high fioldr combined with cnmplicationu
_due tn tha procoaaua occurring at the mctal/oxide interface, at the oxida/
- electrolyte intcrfnce AR woll an within theo rilm. Many of the phenomena
were firat entablished aami-quantitaLivoly by Gﬂnthdzuchulze nnd Bets {(3)

in 1937, Reviews on the subject can be found in Ref. 4-7, while the claa-

alcal theories on anodic oxidation’are the work of Verwey (8), Mott and
0 ~ ’

Cabrerva (9) and Ydunﬂ (10).

3.2 Bxperinental BN o -
_ The nnodo wak & chomlically dagraaaad 20 x 30 mm qn sheeb. vhile
the cathndo wag either a 20 x 30 mm Al eheet or a 23 mm 1.0 Pt oylinder,
Proviqu work (Chapter 1, 55-60) haa ahown that watar=baaod eleetrolytea.
vhether acidic or .baaic, do not permit Sn to be anodiaod to high voltages,
and an uranntc-baped one wae therefore chosen. It consiated of 330 s/lltar
of ammonium yentuhorate in ethylena rlycol which wan varied hy adding water
(subaequently indionted in unita of ml/liter). Moat filme were formed

uaing a proset voltaae of 50 and & preset current of 10 mA/cm a8 obtained

with a Hewletc-Paeknrd Model 61363 conktant-current pover aupply.

The difference batween alnotrolytﬂs with dit!orent additlione of
water 1a brought out in Fia. 32 Kleatrolyte (a) (0 ml/liter) yields
opaqua. white tilms. though the tima‘vnrintion'of ﬁurrant aga voltage ia .
kometimea unpredictable. Rleotrolyte (h) (lsojﬁlllitor) glvea opaque; Aray
£1lns. Elnetrolyta (o) (300 ml/liter) leade to a voltage tlee of 30-63 and
the filme ehow tnterference colours over approximately aix prdura. in agree=-
ment with tﬁe behaviour of most other subatances which permit anodiaiﬁa to

high voltages.
v
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Electrolyte (¢) in rubject to aging, through use or rtorage. Thia
flvas rine to eloctrolyta (¢')y yiolding npnqua whito filmn. Klectrolyte.
(d) 430 ml/litor) given filmu which ghow ulight interferoncq arfoetu,-u
though are better deacrihed as opaquea, yellowish brown. ‘Finally, nlectrolyco
7 (e) (610 ml/liter) pives opaque, prayiwh brown filma.

- Contrary to previous work, Sn can nvidqﬁtly.ha anodiﬁéd in a “nbrmql“
mannoer prnﬁfdod a correct alecéfolgpn iu chomen., The normalcy i& further
ahown by the\exlatence of a well;dafinod full in'currané Qhan the proset
voltape im reiached (Fig. 3.3), |

He hnva centred our “attention on filma ohtained uuing uluctrolyteﬂ
(c) and (e"), uuhuoquantly raferrnd to an "colournd" and "white". When
nacongary, the tilmu were atripped by placing the specimena in 1% HC1 for
nevornl hours. Wn would note in hindnighz. however, that the etripping |

procnau involvinn mercurv. as diacuased th Section 1.2.5, woulq“hnvn boean

aroatly preferable,

3.3 Regulta
3.3.1 Crystal forp = The state of the films thné varoe obtained wae deter~
wined using tranaminsion electron microacopy ae wuil aa diffraction.
Coloured nnqdie filma, aa formed with electrolyte (c), wera con=
tinvous and ahowod a characterietic cellular etructure with mean dimeneions
of .200-700 A (Fiag 3.4). The diffraction pattern was borderline between
showing halos and ringé. though wau Judged to be more nearly of a ring type
with ¢ spacinge corresponding to caaslterite. Note tﬁat the graina are much
ama{}cr tbgn'thq cella.

White anodio filme, ae formed with electrolyte (a'), were poiyurya-

talline with the atructure of eaaeiteritq;(rig. 3.8}« Though eontinuoue
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they wora churactoriaud by & variation ‘dn thluknoaﬁ as 4f randon cryatal'
arowth hnd cccurred.  One can upeculatu that it ia the oxiutanca of auch

rnndom nryntnlu‘that nauunu thu Heatterdng of liuht. thqncu hha white

appearunce,

.3 3.2 Cryucnlliaation buhnviour‘h\coloured anodic filme which had haen

/

stripped were found to unduruo virtually no increasa In tha uhnrpunuu of
. the ringa with lncreanins tenperature unLll NllOO'L (Fig. 3. 69 ln viuw-'
. of the ract that 1100° C 14 much araater than the cryutulliaatlun cempur- |
ature (bhupnqr 21 475°-550° C). this can be.taken a uunfirming thair poly--l‘
‘ cryﬂtallina nature in the sense that an umorphouu film would have uhcwn an
abrupt increase in ring ﬁharpn@uﬂ at the crystallisation temperature, -
Desides widergodng no aigniflcanc change in the uharpuggg_of the
vinge, the films retained thelr continucua form and the g}ﬁin raﬁniﬁod
~emall (a.g., 100-400 ] in Flg. 3.7(a)) . Only once a temperature of 1100°C
wvan reached waae there evihoucd for major graln growth, The diffrécﬁiun'
patterns became gpotty and durk-fiélq;photographu revealed lavger graine
(eg., 500-1000 & in Fig. 3.7(b)).
3.3.3 Ihickness = The film thicknesaee on anodized §n were oetimated in
sqveral ways. (1) They were judged in the first place to be nearl& indepen=
dent of voltage batween 6 and 30 V on the srounda,:hqu‘the interference
coloure changed onlf alightly with voltage for ap@uimqnu.nnodiaed as 1In ’
CFige 3030 (14) Explicit thlekpensea were obtalned by méauuring the weight
increanea due to anodiaing and interprating. thqm'in the dight of the result
(8ectdon 3.3.4) that diauolution during anodiuing ie normnlly unimportant  *
(oolumn 2 of Table 3.1). (111) Expliuit chioknnusca vere aleo deduoqd by

a aputtering heehnique 1n which anodiuad upouimanu are bombarded with 20-kev

P | o
: \\ R o o N
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(n) .

(b)

¥

(o)

> |

{0 ~
- &n0*C
« Mg, 3.6, CQléu:ed anodiﬁitiim which hae been atripped and “ }

heat treated in air, ueing a serdes of hold times in fur- ) . | f
nace of § min each, at inqrqauihh tempurutuiil. Each row _ - j
of picturee showe, from left to vight, tranamissicn, ' L
diffraction and ﬁark‘finld miurournpﬁ,. Mag. 27,000-80 keV,.
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Fig. 3.6 (continued)
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Fig. 3.6 (continued)
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- TABLE 3.1 ‘
+ ° . ! / '
Thicknesses of anodic SnO2 filmsca)
. hnodizing B o Thiékness as Iinferred - Thickness as inferred
voltage (V) g " from weight increase from weight. loss due
, due to-anodizing (R) to sputtering (R)
6 13700 + 300 3100 300
8 . 6900 %100 . - . 6200 + 600
- 15 4300 £ 700 t 4400 £ 400
25 - 2800 £ 500 3000 £ 300
35 - 2500 + 500 4200 % 400

50 : 2600 % 300 4700 = 500

(B)The current density was,initially 6.5 or 10 and fiﬂally 2 mA/cmz.
The contversion from ug/cm” to angstroms was made using the assumed value
- 6.95 g/em” for the density of Sn02; the real density would be somewhat lower.

-3
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Kr until the netal is'exposed.-:The thicknesses follow gravimetrically

(column 3 of Table 311), while one obtains as an‘extra benefit values for

the Sputtering coefficient (Chapter 5) ~

o
- -

The inferred independence of thickness and voltage is seen 'to be
fairly well, though not completely, borne out, In f{\b the films are
:thickest for a voltage in the vicinity of 8- 15 an effect which will have .
' to be left to future vork for clarification.

3.3.4. Anodizing efficiency ~ The anodic film thianesscs are of additional

linterest in that they enable ‘the anodizing efficiency to be deduced, even

if only roughly. To this end it is sufficient to compare the film- weights
as obtained by integrating current-time cu;ves aSHin,Fig. 3.3 with observed
weights. The results are summarieed in Table 3.II (columns 2 and 3). -The
efficiency 1s 20% for'a 6 V £{Inm but decreases with increaeing voltage.

B A low efficiency can arise either ftom electronic conduction or
from filn disleution. These can be distinguished firstly from the fact
that anodized specimens tended to-éain welght approximately as required
from the explicit film weights (columns 2 and 3 of Table 3.I). Evidently
electronic conduction 1is occurring, for had dissolution been important
there would have been pronounced weight losses as in columm 4 of Table 3.II.

The origin of the low efficiency can be shoén secondly from an

experiment in which a specimen is first labeled with 30-keV Kr85 and is then
anodized to 50 V as in Fig. 3.3 During the anodizing about 30 * 10% of the
activity is lost from coloured films and about 90 * €% is lost from white
films. Such losses can be expressed in terms of Sn dissoclution provided the
integral depth distribution of the 30-keV Kr is known. The relevant relation

is (11)



<,

TABLE 3.1II

Anodizing efficiency:

78 .

Charged

Hypothetical

‘weight loss if

low efficiency

Y

: Anodizing is due to dis-

) . Ancdizing passed (cgqu- efficiency solutio
i ' voltage (V) .lombs/cm”) ¢S - (ug/cm ).

6 2.7 20 # 2 600

8 5.25 21 ¢ 2 1200¢

15 7.92 10 £+ 1 2160

25 8.64 6+1 2500

35 11.8 6+1 3400

50 21.2 4 £ 0.5 . 6200

(a)

The current density was initially 6.5 and finally 2 mA/cmz.
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‘ C = <x>

Nt

rfc (3.3)

szAx s
. where <x> is the mean projected ion range [10.1 Lxg/cm as for CdTe(lZ)]
and Ax is the méan projected ion straggling (5.8 u g/cm (12)] This -
relation is. shown graphically in FPig. 3. 8 curve (a), rom which we conclude
that the amount of Sn dissolving is 7-21 yu g/cm . Such an amount is small
compared with the 350 u g/cm of Sn contained in a2 5000 K film and we again
conciude that the low efficiencies are due mainly to electronic conduction.
We would emphasize that the argument based on eq. (3.3) and Fig. 3. 8

‘_ is weakened by the fact that it gives a lower 1imit to tne amount of- dis—'
solution. This follows firstly since equation (3.3) is strictly valid only
.if channeling is ninimal. Nothing is known about channeling in Sn and in N
so far as it occurs it will lead’ to deeper penetration of the KrBS as in
Fig, 3r8, curve (b). It follows secondly since the Kr85 will gerve as a
true marker only in so far as‘oxygen is mobile. 1In tne contrary case |

(mobile.Sn) the Kr85 is buried to some extent and less is lost due to a

given amount of dissolution. . '
",

3.4 Discussion

While Sn02 is frequently prepared by reactive sputtering (as dis-
cussed in Section 1.2.3), there is as far as we know no precedent for films
being formed by high~voltage anodizing except for the instance in which a
"thick black crust' was obtained (as discussed in Sections 1.2.4 and 1. 4)
This lack of success is not really surprising when it is remembered that
Be, Mo, Ti and V, for example, were long regarded as. being incapable of
supporting high anodizing voltages yet have been recently found to yield

uniform, protective films with thicknesses of 1200 X at 100 V. The key
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Fig. 3.8. 1Integral depth distribution of 30-keV Kr in Sn
according to Eq. (3.3). The range parameters <x> and Ax.
in Eq. (3.3) were assigned values as for CdTe (12), which

has a mean mass similar to that of Sn.
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.

-lhy in choosing an appropriate nonaqueous electrolyte (13-16). The o 3'

-

-
*

Present work mskes it clear that, though .the process is far from being
perfect high voltage film growth is readily achieved with Sn. The main‘
problem still to’overcome is probably that of exploring alternative elec-
ptrolytes or anodizing cycles until cne is -found which ylelds films which _
dua either to their structure ot to doping, show the expected linearity
_between thickness and voltage. - : // B

Unexpected was the result that anodic SnO2 is. cryatalline as

b

formed ‘for anodic films are nearly #nvariably amorphous. HfO2 and ZrO2
appear to be exceptiona in that they form in the monoclinic and cubic mod-
ification (17,18), while anodic BeO (19) and TiO (20) are sometimes .CTyn-
talline. .Perhaps there 18 precedent in the work of Lakhiani and Shreir (21), .
where normally amorphous anodic szos was shown to crystallize at high vol-
tages due to.voltage breakdown. Alternatively, it is a simple temperature
effect governed by the current (19 20). However, a more systematic explan-
ation follows from recent work by Arora and Kelly (22). They noted a

marked parallel ‘between the 'structure of anodic oxides and oxides subject

to ion bombardment. As seen in Table 3.1II we:find in both cases a similar
state of crystallinity and, furthermore, in both cases a correlation with

the ratio (crystallization temperature)/(melting temperature):‘ The argument
is briefly as follows., A criterion to predict amorphization due to ion-
impact stafee that the ratio (crystallization tEmperature)/(melting temper-
ature) must exceed 10.30 for amorphization to occur (Section 1.2.7). The
criterion is based on a physical model involving thermal-spikes, and is

dealt with again in Section 6.2.1. It considers the fact that the dis-

pPlacement cascade created by a heavy ion hitting a target consists of a
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TABLE 3.I1I

Structure of anodic oxides aia of oxides
oo :

t

subject to ion-bombardment (from Ref. 22)

Structure when Structure when
Oxide formed anodically ion~bombarded Te/Tm
v,04 | . am - l am | ’ 0.61
Nb205 am ' am _‘ 0.42-0.49
Hoog am . - . am , : 0.49
Zn0 er (34 ' 0.17
BeO _ cr ) er . 0.21
- A1203 ' am am 0.43 B
SiO2 am . \ am 0.61
6802 : am am 0.65
‘Zr02 cr cr 0.27
HfO2 cr cr ~0,25-
vo, ' er cr 0.30

Similar parallels for VO Mooz, WOZ, Wo_ while Ta,0., Ti0, and Sn0, con-

2’ 3 27s5? 2 2

stitute exceptions
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-compact region in which the target material is aCcuﬁlly made to melt. .
Puring the subsequcnt:rapid~cooling, the melted region wiil goli@ify to:
ei;ﬁer a:q;ystalline or an amorphous phase., Now, according to Arora and
Kelly (22), the same podéi can be used to explain the as-prepared state

of an oxide formed by anodiziﬂg{ nameiy itg amorphicity or‘crystallinity[
The argument hinggs on an assuﬁ;d.equivalenég between the energy deposited
5} an incident ion and the field-imparted energy. Némely the ions 1oxyéen .
and metal) which migrate t; form a growing oxide, are ﬁubject to a field,
and hence acquire an energy of a few eV after each jump, this being com-
parable to the energy diasipaﬁed by'a bombarding ién provided the latéer
is properly distributed amongst ﬁhe atoms affected. The same authors note
that, though the model itself can be disputed, the\kemarkqble parallellﬁe-"
tween anodically formed and bombarded oxides (as summarized in Table.j.III)
still remains. | | |

The low anodizing efficiency. found here for Sm, (4-21%) finds a
parallel in the behaviour of S1 and Ge. Thus the value 2% has been quoted
for S1 (23) énd 10-17% for Ge (24). 1t is neverﬁﬁeleés highl& unusual con-
sidering anodic oxideg in genéral (Table 3.IV). We are not prepared to
offer an explanation, as too little is known about anodizing efficiency. An
argument based on the electronic band structure of the anodic film is, for

example, meaningless when it is not known to what extent incorporation of

components from the electrolyte (''doping') alters the band structure.
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Comparison of fields and efficiencies for(

anodizing various metals (from Ref. 13)

S Efficiency
Field to form at constant
) a 50§V film cufrent of 2
Metal Electrolyte (10°V/m) 2 or 3 mpA/em
v mainly acetic acid 2,8 0.95
Mo mainly acetic acid 2.9 0.95
Nb aqueous 3.4 Nl.O(a)
Zr aqueous 4-6 0.50
W mainly acetic acid 4.6 0.96
Ta aqueous 6.2-6.6 ¢.99
Al aqueous 8.7-9.1 0.90
Be ethylen glycol sat- 19.0 0.95
urated with both
NazHPOA and NaZSQ4
(a)

Not for constant current.
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P . CHAPTER 4 -

i " OXYCEN BOMBARDMENT OF Sn

4.1 General

We have seen that SnO2 can be prepared in a number of ways

(evaporation, chemical deposition, reactive sputtering, ig

SnO2 by oxygen impléntati&n, i.e. by bombarding metallic tin with a
oxygen lon-beam. There is an obvious fractical application,-namely being
able to fabricate complicated patterns of SnO2 for microcircuitry. It

will be concluded.that the desired goal is not easily reached due to the

tendency for Sn to convert to SnO. '

4.2 5n metal thin filwms

4.2.1 Preparation and thin-film analysis - Sn metal films were prepared

by evaporating Sn onto KC1l. and Ta substrates at room temperature in a
stgndard gvaporator*-at 2 x thS torr. Film thickness was controlled by
varying the substrate exposﬁre time to the molten Sn in a W boat. Ti;es
of 15 to 30 s were used for films intended for transmission electron
microscopy, while the exposure time was longer when the film did not need
to be detached from the substrate, i.e. when it was to be used for REDY.
Films deposited on KCl were floated off in distilled water and mounted on

L3
grids. Worth mentioning is the fact that such films, once picked up on a

* Model VE-10, Varian P,

T Reflection electron diffraction
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miaroséopé\grid. aluays col%apsed.throagh the holes injahe grid,.no_matter
how high the number of meshes or how thick the film. Hence the films were
| mounted on carhon-coated grids with Fié; 4.1(a) showing a typical film.

" The as~deposited films exhibited the diffraction pattern of Fig. 4.1(b),
which, as shown in Tablé 4.1, is f~Sn, :he\exﬁacted structure. Films were
also analyzed in RED;(Fig. 432) and again showed the 8-Sn structure. ’
4.2.2 Oxygen—ion bomharAment of Sn ~ Oxygen-ion bombardment was perforaed

at 35 keV, using doses ranging between 1 x 1015 and 3 x 1017-i0ns/cm2.

Some 15 differenc-samples were implanted. Fig.- 4.3 shows the diffraation
pattern 'of a sample implanted to 3 x 1015 ions/cmz. To begin with, ome
can notice, from the general_appearanca of the diffraction pattern as
"‘compared to Fig. h;l(h),fthat'some physical chanée has taken place: a new
structure has appeared and it is not fuily random. ASTM-cards fe%ative to
a—Sno0 (tetragonal) high pressure Sn0 {orthorhombic), B-S$n0, a further
| orthorhombic form, Sn02, B-Sn and a-Sn were con51dered (Table 4.1I1) and
Fig. 4.3 was analyzed as follows. The first complete ring has a radius
such that the planes iﬁ arises f;om have a spacing of approximately 4 =
~2.94 &. (Our camera constant was 3.21 X cm, as determined using a gold
sample.) Comparing with the ASTM-card for a-Sn0O, we see that the ring which
is by far the brightest (I = 100 compared to values of I $'37-for the rest
of the rings) corresponds to d = 2.984 &. Normalizing our experimental
d-values to this (i.e. multiplying by 25?%%0 one obtains the values as in
Table 4.1I1I, which match a-Sn0 very well. Such a normalization (which is
needed due to a possible and likely error in the value of the camera con-
stant) cannot reasonably be applied when c0mparing with the ASTM-cards rel-

ative to the other forms of Sn0 or to Sn02. ‘Thus the closest value of SnO2

[ 1Y TSF N

o

EPR S U

R AR



-3 LN Y TR AT Lt
T R T o AT TR L | T DL a2 el ATV ILY, TIATALT

o

89

: o (a)

1

~
Fig. 4.1(a). Transmission micrograph (mag. 54,000) of Sn film,
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Fig. 4.1(b). Diffraction micrograph of Sn film.



TABLE 4.1

Analysis of as-deposited evaporated Sn thin film,

Diffraction Pattern | T B8-5n
(Fig. 4.1(b)) i (ASTM-card 4-0669)
ad o 4k
) 2.92 2.915
' 2.80 | | 2.793
2.08 ] 2.062
2.02 : ' 2.017
1.65 | 1.659
1.48 , 1.484
1.45 ' ' 1.458
1.40 : 1.442

1.28 1.309




Flg. 4.2.

RED of evaporated metallic tin.
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Fig. 4.3. Diffraigion pattsrn of oxygen—implanted metallic
tin-Dose: 3 x ions/cm” - 35 keV.



TABLE 4.11

Diffraction data for the Sn-0 system

'a—SnO(tetragonal) - Sn0(high pressure) ' B;SnO i
d(}) I d(A) I Cah I
4.85 10 2.90 80 . 3.39 100
2.989 - 100 2.78 d; 80 3.00 50
2.688 35 2.63 100 K 2.93 50

2,418 14 2.24 10 T 2.89 " 90
2.039 BRI 2.12 | 10 2.67 90
1.901 14 1.95 30 2.08 10
1.797 25 1.80 10 2.02 40
1.604 25 1.75 20 1.773 80
1.494 12 1.66 v 50 1.678 20

1.484 12 1.572 50 1.598 20
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1.0968 10

N .
"\ , -
Diffracéion data for tﬂe Sn-0 syétem {continued)
_: - \\\\ S . -
Sn0{orthorhombic) ‘\\H Sn02_ B-Sn
L . ‘\\
ady - 1 dk) - dd) 1
5.56 T 3.351 100 2.915 100
371 ‘;530 - " 2-§éﬁ'\' 81 o 2.793 90
3.58 30 ; ,5. 2.369 \\\ %  2.062 34
312 100 “2.300 5 2.017 - 74
2.86 20 ©2.120 N2 1.9 7
2.78 40 - / - 1.765 63 1.484 23
2.50 30 1.675 63 1.458 13
2.25 20 '1.593 8 1.442 T 20
1.994 10 . 1.498 . 13 1.306 15
1.888 20 1.439 17 1.292 15
a-5n

d(A) 1

3.751 100

2.294 83

1.956 53

1.622 12

1.489 20

1.325 :29

1.249 11

1.470 6



TABLE 4.111 .

Analysis of oxygen implanted metallic tin

Diffraction Pattern (Fig. 4.3)

(normalized values)

a-Sn0

{ASTM-card 6-0395)

dd)

4.
2.

2.

83(spots)

989

—

68

.42 (spots)
.02
.90
.79
.61

.50

dd)

4

2.

.85

989

.688
.418
.039
.901
.797
-604

-494,1.484
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‘to our d = 2.94 X and which is at the same time relatively intense is

d = 3.35 &. Comparing the experimental values with the ASTM-cards rel-
ative to.B-Sn and a—én, we excludg}therpossibility of these structures
due to two considerations: (a) our d-spacings mostly do not match the d-
spacings of éhe ASTM-cards and (b)‘the,ones wﬁicﬁ do match them are sup~
posed (according to the ASTM-cards) to have such weak intensities that it
would have been almost impossible for us to see them.

It is important to note, from Fig. 4.4 and Table 4.1V, that all
the Oz-implanted samples showed the same pattern as in Fig. 4.3, ?his
occurred even at the lowest dose used, i.e. 1 x 1015 ions/cmz, wherg
(cfr. Fig. 4.4(a),(b) and (c)) no lines are left from the B-Sn inicial
structure. Such a similarity over a wide range of oxygen doses (1 x 1015

17

to 3 x 10 ions/cmz) would be unlikely if two or more phases were present,

We conclude that a layer of a-SnO is the end product of the bombardment of

metallic tin with 35-keV o“;.

+
4.2.3 Sputtering coefficient of Sn due to 0, impact - We have determined
L

+
the sputtering coefficient of Sn due to 35-keV 0

2 S, to be 1.88 atoms/ion,

This is based on the average value of five experiments in which tin was
7

bombarded with 35-keV O+ at doses between 2 x lOl

7 and 5 x-:'l.Ol7 ions/cm2

and the weight loss was measured. It will be shown in the next section
that the formation of Sn0 rather than SnO2 is closely related to the sput-

tering coefficient.

4.3 Discussion

Foellowing the reasoning of Parker and Kelly (1), the expected phase

for an oxygen-bombarded metal depends critically on S, the relevant sput-

tering coefficient. In particular, bombardment of metallic tin with 0; ’



(a)

(e)

(g)

Fig. 4.4. Diffraction patterns of cipht 02~1mplanted Sn

aamples - 35 keV-Doseg: (a) 1 x 101) (bY 1 x 1015
() 1 x 10" (@) 3 x 1015 () 3 x 1015 (£) 3 x 1002
(r) 3 x 1017 (h) 3 x 1017 ions/cmz.
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/

ions may be expected to lead to SnOb, where b = 2/S. The argument was

briefly as follows. Given an oxide whose initial stoichiometry is Moa,

the'volume associated with an M atom, i.e. the volume of the "Hoa unit",

is A 3. (1 + a)/N, where N is the number density of Moa. When bombarding-‘

+ , .
with 02, the additional number of oxygen atoms per "MOa unit" (i.e. per -

.

M atom) is given by Eq. (7) of Ref. 1: o

oxygen per MO = (A 3N/S) erfc X2
. a ) 1/2

where <x> is the mean projected ion range, u, is-the mean square rojected
_ ; proj 2 2 q p

.ion straggling, and a factor of 2 has been includedmtowtakeqingg a@coﬁnt

that 0; is diatomic. The maximum additional oxygen clearly occurs at the

.surface (x = 0), being given approximately by

maximum oxygen per MO, = 2 A 3N/S

= 2(1 + a)/s
and the resulting new stoichiometry is therefore MOb, where b is given by
b=a+ 2(1 + a)/s

Since in our case a = 0 (bombardment of a metal}, we obtain b = 2/S = 1.06.
Our exberimen&al result (Section 4.2.3) thus matches the theoretically
expected one rather well, and in fact constitutes the only instance known

to the writer in which this was so. (Parker and Kelly (1) did not have

access to the necessary S values.) B .
‘ +
We would predict that Sn would be converted to $n0 for all 02
energies in the keV range, but that, due to S decreasing, SnO2 would arise

at very low or very high energies.
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4.4 Concluéions

We have showﬁ that Sn can be oxidized up to, but not beyond, the

-~

.level Sn0 by oxygen implantation at keV energies. A sputtering argument

was advanced and showed that formation of Sn0 is reasonable and under-

v

standable. ' ' S

We will, in Chapter 6, treat the "mirror-image" problem, namely

that of bombardment-induced oxygen removal‘from Sn02. WOrK has béén des-

© cribed in which oxygen bombardment of Cu led to Cu20'(2,3), of Fe or FeS2

led to Fe304 (2,4-6) and of U led to'UO2 (7). On the other hand, when

bombarding Cu0, F3203 or'UBO8 with inert gas or Hg ions, the following

& L

occurred:

Cu0 + 30-keV Kr ions - Cu20 and/or Cu (8)

U308 4+ 30-keV Kr ions -+ UO2 (8,9)

Cu0 + ~0.5-keV Hg ions + Cu,0 and Cu (10)

2

Fe203 + ~0.5-keV Hg ions -+ Fe304 and Fe0' (10)

If the above results can be generalized, then we would expect Kr bombard-
ment of SnO2 to cause a loss of oxygen with resultant formation of a-5n0.
On the other hand, a criterion to predict in each case whether oxygen loss

should occur (Chapter 1, 6-9) can be applied to SnO, and, as will be dis-

2
cussed in Chapter 6, shown to predict no loss. The criterion is not in-

fallible, however, so we do not regard the question of oxygen loss as

N
belng settled without explicit experiments.
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CHAPTER 5 ' ’

- ION-IMPACT EFFECTS WITH SnO FILMS

2

5.1 Introduction . <Lk

v

We have given in Section 1.2.7 and 1.3 a comprehensive list of
materials whose-réSponse to ion-impact is to undergo (a) a crystalline~-
amofphous transition, (b) an amorphous—crystglline transition, and (c)

a stoichiometry change; We have also given the criteria which researchers
have worked out in order to preqict the ocecurrence of the #bove trans-
formations. ‘While we have noticed the lack of any published result as far
as SnO2 is concerned, ve have pointed gut, were the bombardment-induced
amorphization of SnO2 t; occur, the possible technological implications of

such an event.

2
shown in Chapter 2 to be “773 K while Barczak and Insley (1) estimated the

i Th7'value of the crystallization temperature (Tc) for SnO. has been

melting temperature (Tm) to be 19500 Kf It follows that Tc/Tm = 0.41, a
value which is well asove the cut off for a crystalline to amorphous tran-
sition to occur (cfr. Section 1.2.7). Likewise the ionicity, 0.43 (Ref. 74
of Chapter 1), also suggests ready amorphizability.

We will report now our findings on bombardment-induced phase trans-
formations: in Sn02. We will start, in this chapter, with work on thin

films, while in Part 2 (Chapters 6-9) we will treat the bulk material.

5.2 Sputtéring coefficient of SnO

2

5.2.1 General - As far as obtaining the value of a sputtering coefficient

-
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’ \
is concerned, the most satisfactory way of working with oxides is probably

that in which an anodized metal is us%d as the target: such specimens are
PR By . . .
cqndﬁctive by virtue of the extremely émalllokide thicknesses, can be made
as 1?rge as possible, and reveal in the interference colour changes the
beam profile. The resulting filﬁs allow sputtering coefficient to be deter-
mined using, for example, the conventional weight-loss procedure. This
method is based on the loss of weight of a target, the specimen having been
weighted with a microbalance before and after prolonged bombardment. Thus
ore can calculate S (atoms/ion) using the general relation x = BtS/N where

Bt is the bombardment dose (ions/cmz) and N is the number density (atoms/cmz).

This can also be written as

x(in1lg/cm2)'= (Bt"SM) (6.21 x 10_4) (5.1a)

or
x(in &) = (Bt'sﬁ/p)(d.oezl) (5.1b)

where M is the mean atomic mass of the target, Bt' is the bombardment dose
(A min/cmz), and r is the density of the target (g/cmz). The interference
colour changes, when sufficiently distinct, permit a somewhat simpler and
more reliable determination of S (2). This approach could not be used with

SnOz, owing to the nature of the interference colours.

5.2.2 Experimental and Results - The sputtering coefficient, S, due to Kr

bombardment of crystalline anodic films of Sn0O, has been determined for ion

2
energies of 10, 20 and 30 keV. The method employed was based on the less
of weight of the target.

Table 5.1 gives the complete data for the sputtering yield (S) for



ey

TABLE 5.1

Sputtering yield at room temperature

for Kr-impact on SnO2

Energy (keV) Current (paA) . Dose (ions/cmz) 5 (atoms/iop)
10 5 1.42 x 10%° 10
10 5 2.81 x 10%6 32
10 5 4.23 x 1016 20
10° s 5061 x 1000 23
20 2.5 7.11 x 10%° 60
20 5 7.11 x 10 49
20 5 8.60 x 10%° 30
20 5 1.27 x 1016 29
20 2.5 1.42 x 10% 53
20 ! 5 1.42 x 10%° 28
20 ) 5 1.42 x 1016 .26
20 5 | 1.42 x 1018 37
20 2.5 1.76 x 10%° 45
20 5 2.10 x 10%° 16
20 5 2.10 x 10%° 51
20 2.5 2.81 x 101° 35
20 5 2.81 x 10%° 24
20 5 2.81 x 10%° 18
20 5 2.81 x 10°° /34
20 15 2.96 x 10%° 14
20 5 3.52 x 1018 29
20 15 3.96 x 10'° 17
20 15 4.23 x 10%° 12

- 20 15 4.23 x 10°8 16
20 5 4.86 x 10°° 15
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for Kr-impact on SnO2 (continuéa)

/

. {'
Sputtering yield at room temperature
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20
20

20°

20
20
20

.20

20
20
20
20
20

20

20
20
20
20
20
20
20
20
20
20
20
30
30
30
30

15
15

15
15

15
15
22.5

15
15

15
15
15

15
15

15

15
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4
4

[ e L R V= R P R % R L R o e L Y - B o - R -« B - B R o (. (S ST TR T Y. |

.94
.97
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.61
.95
.95
.32
.32
.32
.59
.42
.42
.42
.95
.14
.35
.52
.68
.74
.11
.18
.08
.18
.37
.11
.42
.42
.09
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‘10

1016

1016

101°

1016

1016

l016
16

10*°

1016

T

1016

10l6
1016

1016

1017

1017

1017

1017

1017

1017

lO17

1017

l017

lO17

1013

lO16

1016

l016

29
16

18

26
7-
15
11
10
14
9
18
24
13
13
15
13
14
14
15 (pellet)
15
16
17
20 (pellet)
12
62 (pellet)
22 (peller)
14 (pellet)
25 (pellet)
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Sputtering yiéld at room temperature

for Kr-impact on SnO2 (continued)

30- .5 2.81 x 108 30 (pellet)
30 . 5 2.81 x 10_16 23 (pellet)

30 5 2.81 x 10%° 21 (pellet)
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Kr impact on'SnO2 as a function of the krypton energy and dose. Fig. 5.1
shoigd;he average value of S for each energy, each point representing an
éverage of four to 45 measurements made with various doses.

Fig. 5.2 éhows that the sputtering cogfficient is, for doses 33 x iOle'
.ions/cmz,'dose independent; for lower doses, however, it appears to increase.

The first general characteristic of § for tﬁis oxide is that the
dependence on energy is, between 10- and 30-keV, very smali. This is, in
fact, exactly the same behaviour as what one observes in sputtering of
‘metals (3-5) and oxides (6). The second characteristic is the unusually
high value of the sputtering .coefficient. SnO2 in this respect reseﬁbles
M003, V205, W03, and possibly 8102, but, to the writer's knowledge, no other

v} ’

oxide (7).

In view of the unexpected result that S for Sn0, was unusually large,

2
our next step has been to measure the sputtering coefficient as a function of
the target temperature, with results as summarized in Table 5.11 and Fig. 5.3.
In this cage, specimens were pellets made from sintereé SnO2 powder. Note
that we have taken for § at room temperature the average of the values ob-
tained at 20-keV for doses 23 x 1016 ions/cm2 {Table 5.1), namely 17 + 1
atoms/ion (practically thé same value is obtained, for all doses (Table 5.1)
at 20-keV, if one calculates the "'weighted mean").

The result of these experiments is seen to be a tendency for § to
be even higher at elevated temperatures. This suggests that the unusually
large values are associated with thermal (as distinct from collisional)
effects.

5.2.3 Discussion - This section is concerned with a possible explanation

for the unusually high value of S for the Kr-—SnO2 system. °
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S at 20-keV for Kr-impact on Sn0O

as a function of temperature

TABLE 5.II

2

Current {pA) Dose (ions/cmz) T (°C) S (atoms/ion)

' 2.96 x 108 300 28

8 2.96 x 10°° 300 37
25 5.35 x 10%° 300 30
25 5.35 x 10%° 300 11
8 5.95 x 108 308 26
10 5.95 x 10%° 300 24
18 9.35 x 1018 300 27
18 9.35 x 10%° 300 23
17 9.50 x 101° 300 24
18 1.04 x 1017 300 22
40 1.28 x 10%7 400 16
40 1.28 x 107 400 19
40 2.55 x 10%7 400 17
40 2.55 x 1017 400 22
38 4.35 x 10°° 520 15
42 5.98 x 10%° 520 10
60 1.07 x 107 520 26
60 1.07 x 10%7 520 22
47 1.17 x 10%7 520 25
50 1.64 x 10%7 520 30
50 1.78 x 107 520 18
60 2.14 x 10 520 22
60 4.28 x 10%7 520 28

112
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it is apparent from Table 5.11I that some oxides (MOOB’ V205,'WO3;‘

Sn02; ﬂossiﬁly also Sioz)’show very high sputtering coefficients.

According to Sigmund's theory of collisional sputtering, S is. given by

\S i uMszsn(cl
s , 1.42k E - .
‘ £ b

(5.2)

‘ where‘Ml aﬁd Mz are the mass numbers of the idn and target,'a is a quantity
"which depends only on MZ/Ml (Fig. 13 of Ref. 17), kp is definedeby p = kpR
where p is Lindhard's reduced distance variable and R is the total range in

M g/cm2 {tabulated by Winterbon:(lS)), sn(c) is'the nuclear stopping cross-

0

section in e-p units (Table I of Ref. 17), and‘l-c€ is defined by ¢ = keE
where € is Linhard's reduced energy yvariable and E is the incident energy

Jﬂ in keV- (tabulated in Ref. 18). Finally, Eb is the surface binding energy
. B

in units of eV/atom, which Jackson (19) has shown ko be similar to {though,

Jdn fact, slightly less than) the heat of atomization. -

We regard the correlation between S and Eb as the basic argument to

; be used-when data such as the present on 3902 are considered.
. i

Thus the seven oxides, A1203, MgO, szos, Ta205, T102, UO2

have sputtering coefficients equal or smaller than those expected from

and Zroz,

Sigmund's theory of collisional sputtering. This follows from the experi-

. mental values of Fb being equal or larger than those expected from thermo-

'dynami;s (Table 5.IV). Here the experimental Eb.is the quantity obtained

by substituting the experimental § value into the analytical expression for
S deduced by Sigmund and rec:ieviqg‘Eb. The thermodynamic Eb has been taken
as the heat of atomizétion, as inqthe fgilowing example, this being equiva-

lent to the use of the heat of vaporization with metals:



Comparison of sputtering behaviour of oxides

TABLE 5.1TI.

for 10-keV Kr impaﬁt

115

Oxide S for oxide Ref.

: (atoms/ion)
AL,0, 1.6; 1.4 + 0.2°2 2, 8-10
Mg - 1.8 £ 0.5% 10, 11
Mo0, 9.6 + 0.4 ° 12

+

szag 3.4 % 0.5 . 13
810, 4.2; 3.0 + 1.5 8, 12, 14, 15
Ta,0, 2.5 % 0.5 13 '
Ti0, 1.9; 1.4 2, 10
1o, 3.8 * 0.5° 16
V,0, 12.7 + 1.7 12
WO, 9.2 + 1.2 13
Zro, 2.8 + 0.1 12
SnO2 21.5 ¢+ 1.5~ present work

®pata other than for 10-keV Kr; extrapolated as 1if for 10-keV Kr

using Eq. (5.2).
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-
TABLE 5.1V -~ BN
Comparison of surfér_.e binding energies :
]
Oxide Experimental
T od ic E
Gromeat Gy IS
(EV/atom) :

A1203 9.4 6.4
MgO .8 5o
]
Ta,0, 13.3 9.9
Zr02 8.3 1.6
o, © 106 -
Nb, 0 6.8 6.8
5102 3.9 6.4
"0, 3.3 6.3
et 2.4 5.6
"2 1.5 5.7
SnO 1-8 4l8
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SnOz(s) = Sn(g) + z.o(g)f

-
i

oK =. x_AHatoﬁization

The necessary heats are tabulated Y Kubaschéwﬁki et al. (20).

On the other hand, the five Qxidés-showing high S have experimental
Eb's-wﬁich are significantly lowe;than the tﬁermodynamic values. A further
prqcess,'such as thermal sputtering, is evidently occurring; i.e. thé sput-

.

tering is no longer a-purely collisional phenomenon. The most direct infor-

" mation is of the type shown in Fig. 5.3, i.e. measurement of 5 as a functiom

+

of temperature. Very little such work can be, found in the literature, with
results on oxides to date being confined to those shown in Table 5.V and
Fig. 5.4. 1In all ca?es, except for A1203 and szos,but including Sn02, s’
increases markedly with Eemperature. The occurrence of thermal sputtering,
il.e. sputtering involving vaporization, is inferred.

Thermal sputgering is the name given to vaporization at a solid
surface due to the heat (as distinct from momentum) which is dissipated by

an ion. A criterion for thermal sputtering has been worked out by Parker

and Kelly (22), based on evaluating the gas-kinetic relation
]

. atoms evaporating = (1/4)N<v>tsny§ (5.3)

where N is the density of the equilibrium vapour in m01ecules/cm3, <y> 1is
the mean gas velocity, tg is the lifetime of a thermal spike, and nyz is

the spike area at the surface. Equatilon (5.3) can be re-expressed as

follows:

. 25 -(1/2) - (1/2)
atoms evaporating = 8.4 x 10 Patmtsy§H T (5.4)



TABLE 5.V

Effect of temperature on §

for oxides (10-keV Kr impact)
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Oxide S at room S at 200°C Ref.
temperature (atoms/ion)
(atoms/ion)
AL0.> 1.25% 1.1 9
Nb205 3.4 £ 0.5 3.9 + 0.4 12
WOB 9.2 + 1.2 13.2 + 1.0 12
MOO3 9.6 + 0.4 151 = 1.0 12
V205 12.7 + 1.7 17.2 # 1.1 12
sn0,° 17.1 # 1.0 25.59 + 1.0 here

aLiquid—nitrogen temperature

b

10-keV Cs impact

©20-keV Kr impact

d300°c
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]

vhere P;tm is the equilibrium vdpour pressure in atmospheres.. "ts" in

eq.{;.B or 5.4 is an 111 defined quantity.lying in the vicinity of 10_11

12 s (23,24) while. ywjls a quantity which for keV-energy ions can

el W

be identified fairly safely wlth the product

to 10~

ey )1/2(51/2> .

Here <y§> is the mean square projected damage range perpendicular to the ion
trajectory (25) and Gy is a correection so that <y§> will be correlated to a

particular trajectory (26). .For example, -for 30 keV Kr-TiO Gy is 0.74 and

2!
((yd>)1/2 is 41 &, whence Vg is 35 A.

The criterion for thermal sputtering is then the following

atoms evaporating 21,

that is,

Patm > 5 to 50 (5.5)

the latter inequality applying at the spike temperature, TS. The main
weakness of this approach is that the spike temperature is still undefined,

though the following indirect approach for estimating it has been proposed

(22). .

Fig. 5.5 shows the vaﬁour-pressure of ten oxides for which both
sputtering and vapour-pressure data are available. Neglecting SnO2 for the
moment, we note that-MoOa, V205 (simulated by VOZ) and W03 are believed to
show thermal sputtering in room-temperature bombardments, 8102 is uncertain

as to its behaviour, while the remaining five apparently do not show thermal

sputtering. This fixes Ts at a value near 3000 K or possibly higher, and
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Fig. 5.5. Arrhenius plot of vapour pressure of

" dominant species for the oxides as indicated.

The cross-hatched box encloses the pressures and
temperatures which are argued to be the critical
values for thermal-spike vaporization. The ref-
erences are: Zr02(27), A1203(28), Mg0(29),

T102(30), U02(3l), 8102(20), w03(32), V02(33,34),
M003(35), and Sn02(36). Dashed lines constitute

ektrapolationsw
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thus (together with eq. 5.5) &efinés the:cross—hatched‘box. s

To apply the cr;tefion of eq.-5.5 to San it is sufficient to note
whether the vapour-pressure line of SnO2 lies to the right-of ﬁhé cross- |
hatcheq box in Fig. 5.5. The'line, in fact, does lie to the right, showing
that thermal Spucﬁering has a high 1likelihood. / ’

There is'thus no difficulty in understanding the unusually high

values of 5 found with SnOz. ’,

5.3 Bombardment-induced structure changes of SnO

2

The next step in exploring the response of SnO2 to ion-impact Qas
to iqvestigate the structure of the targef material after bombardment.

Fig. 5.6(a) shows the diffraction pattern of anodized tin, showing
the usual microcrystalline structure (Chapter 3). Amorphization due to
lon-impact is evident from Fig. 5.6(b) and (¢}, which are the diffraction
patterns of two samples bombarded to 2.81 x lO16 and 5:61 X 1016 ions/cm2
respectively.

Given thils preliminary result, namely that crystalline SnO2 does
indeed amorphize under ion-impact, in the remaining chapters we will look
in more detail into this phenomenon, supplementing electron microscopy
with techniques based on solubility chianges, marker release and electrical
canductivity. The last two techniques require the use of bulk material,
and since this constitutes a major departure from the thin-film techniques
characterizing Chapters 2-5, we have designated Chapters 6-9 zg constituting

Parc 2.



Fig. 5.6. RED of anodized tin
(a)

(b)

(c)
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before. bombardment
amorphization due to ion—impact in sample bombarded
with 20 keV Kr-ions. Dose: 2.8 x 1016 ions/cm2

amorphization due to ion-impact in sample bombarded

with 20 keV Kr-ions. Dose: 5.6 x 1016 ions/cm2
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PART 2

ION-IMPACT EFFECTS

IN BULK SnO2



CHAPTER 6
INTRODUCTION AND THEORETICAL

6.1 Introduction

A thorough study on the effects of ién—bombardment of oxides can-
not be carried out using s;lely thin-film samples.

While thin films can be used when the material is ;é be analyzed
by electron microscopy (Section 5.3) or when solubility measurements are
performed (Section 8.3), only bulk material (and not anocdic films) can be
used when we study our material employing such tachniques as gas—release
spectrometry or fesistivity measurements. The former requires bulk
materi;l due.to the difference in melting point between the oxide and its
parent metal substrate, the latter due to the metallic nature of the sub-
strate and the film being, by definition, "thin'". It is in prirnciple
possibBle to use films which have been detached from their substrate, but
the practical handliné of s;ch specimens {s very awkward.

We will, in the following chapters, report our findings on bulk
samples (described in Section 7.1) which have been ion-bombarded and then
analyzed using the following techniques: marker-release spectrometry
{Sections 6.3 and 7.2), electrical conductivity-;ggﬁurements (Sections 6.4
and 7.2), dissolution measurements (Sections 6.5”aﬁd 7.2), and reflection
electron diffraction (Section 7.2). The present chépter (Chapter 6) will
give a brief indication of the theoretical background of our work, while

Chapter 9 will be devoted to discussinf the results. A summary of the

whole thesis will be given in Chapter 10, together with some suggestions

126
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for future work. . . Lo
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6:2 Criteria to predict the structural stability of solids under ion-

.

impact - ‘ _ 2:_'=‘ o

\

Before proceeding with the treatment of” the individua] criteria,

we refer the reader to Section l._.7 where we have given a survey of

'ewperimental results concerning the ion-bombardment of. oxides, and where

it/is also shown that these results are iot’ random» but fit into pre-

dictable categories, dependino (a) on the ratio Tc/lm, (b) on the degree

of ionic1Ly of the atomic bond .and (¢) on the feasibility of oxygen loss :

to occur due to 1on-bombardment ‘(Ne\will now show how this dependence

v

was borne out.

»
~

6.2.1 Criterion hased on a physical model involving thermal spiLes - The

~

formulation of the "thermal spike model" given in Ref. 1 is briefly as

]

follows.

‘-~5 An ion hitting the surface of a material which is being bombarded
FLII create, in a. localized microscopic region, a temperature excursion
:ueh that the material will actually melt. During the subsequent cooling
process, the target, material may or may net go back to its original struc-
ture. This will depend on the distance (x ) moved by the solid-liquid
(amorphous-crystalline) interface, namely on the ability of the "host"
material to sweep away the bombardment-induced alteration, and to restora
the original structure. In muthematical terms this translates-to:
x, =3 f:chdt > F (6.1)

1
where Dc is the diffusion coeffieient for the process under consideration

(crystallization). A 1s the distance between adjacent atomic planes iu g
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crystal (~0.25 nm), T is a quantitatively unépecified distange, and tl

and tz are times corresponding to the beginning and the end of the thermal

. splke.  The result of the intégration

t, b, AH_ _ :
ft Dcdt - ft Dc(exp[- Eifq)dt , _ . /
1 1 >

1s a series whose leading term is

-

AHC
° ——t
PcteffexP[' RTm]

..where.Tm is the;melting temperature, Tsz is the effective duration of the

thermal spike and can be calculated for each material, and AH can be

shown to equal-(69:9)Tc. o
Substituting in equation 6.1 (where we put T = A}, and rear-

ranging, one concludes that, for the crystallinity of a material to be

preserved under lon-impact, the follow;ng must hold:
(Tc/Tm)<(Te/To)* = .24

Inspection of Table 1.III and l.IV.shows that this relation is reasonable

although better agrecment with exﬁerimént is obtained with (Tc/Tm)* =

-

0.30.

6.2.2 Criterion based on ionicity - We have already pointed out (Section
1.2.7) that the bond-type}criterion to predict bombardment-induced struc-
ture changes in non-metallic solids is a basically empirical one, and it
is shown in Ref. 1 that it accounts fér the behaviour of a large number
of ion-bombarded sibstancea. The criterion can be formulated that if the
ionicity is greater thah 0.59 a solid will retain its crystalline sfruc—
ture while if the ionicity is less than 0.47 it will amorphize.

-



We' will just mention here that the two approaches to predict
'bombardment induoed phase transformations, namely the "thermal spike"
modol and the "bond-type" criterion, can-perhsps be regarded as different

\ - : ' g '

aspects of a single more iholusive model, in that a Yarge ~value of Tc/Tm

is characteristic of a covslnnt substance

6. 2 3 Criterion for ongen 1oss - Bombardment- inducod oxygen loss

is- ourrently discussod on the basis of two models (1-53): (a) vaporizafion
due ‘to thermal spikes (govefneo by the vapour pressure) and (b) preferen-

tial oxygen sputtéring (governed by,the_surfsce‘oinding energy). A third -
- - . . v + .
model, based on internsl precipitation, can apparently be excluded ac-

cording to work by Murti on sz 5 (5).

)
Lot

The "preferential oxygen sputtering' model is based on the theo-
retical result that S = l/Eb (6,7). Eb in turn is approximated by the

heat of atomization (AHa) for the process of interest. In our case we

’./
consider two processes:
s
- SnOz(s) = Sn(g) + 2.0(g) {6.2)
sn0,(a) = Sn0(s) + 0(g) T (6.3)

Since AHa = 4.8 eV/(gas atom) for_the first process, while AHa = 5.7
eV/(gas atom) for the second one, the first process will be favoured.
That is, a high-dose bombardment of Sno2 will leave the stoichiometry

unchanged while the ShO2 gputters congruently. This, of course, is the

observed result as will be shown in Seotions 8.2 and B.4.»

* The heats were evaluated for 298 K (as in the absence of thermal spikes)

rather than for 3000 K on the grounds that we are dealing with a colli-

’
sional process and therefore one which occurs before the lattice is heated (4).

p
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J

It has been argued that processes such as equations 6.2 and 6.3
will proceed due to thermal spikes provided the relevant vapour pressures

exceed 5 to 50 atm at roughly 3000 K (Section 5.2.3). Let us consider

the following processes: )

-

Sn02(l) = Sn(l) + 02(8) I
810,(1) = Sn(1) + 2.0(a) II
500,(1) = Sn0(1) + % 0,(8) o+ S IIT
Sn0, (1) = SnO(1) + O(g) v
510, (1) = sn(s) ¢ 0,(g) ) v
Snoz(l) = Sn{g) + 2.0(g) VI
$n0, (1) = Sn0(g) + 3 0,(g) , VII ..
Sn0, (1) = Sn0(g) + 0(g) | VIII

Here all solid phases should be taken as liquids, the initia; phase due
to amorphization and the final phase due to its formation at high tém-
perature. Kubaschewski (8) gives the oxygen pressure for a process’

aimilar to I:
SnOz(a) + Sn(l) + 02(8)

over the temperature range 770-380 K. Curve (a) of Fig., 6.1 shows an
extrapolation to the temperature of Iinterest, i.e. 3000 K, while the point
marked + is our own calculated result when 2.0 appears instead of O

2
(gimilar to II):

SnOz(B) + Sn(l) + 2.0(g)

Colin et al. (9) report the oxygen pressyre for a proceas similar to VII:
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Arrhenius plot of vapour pressure for the recactions:
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o > XK

SnOz(a) + Sn(f) + 02(8)
Snoz(a) + Sn(d) + 2.0(g)
Sn0,(a) *+ Sn0(g) + % 0, (8)
§n0, (s) + Sn0(g) + O(g)
Sn0,(8) + Sn(g) + 0,(g)
Snoz(a) =+ Sn(g) + 2.0(g)
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Sn0, (s) + Sn0(g) + % 0, (8)

‘in the temﬁerature range 1254-1538 K. Again, curve (b) of Fig. 6.1 shows
an extrapolation to 3000 K, while the }oint marked X is our own calculated

result when O appears instead of % O2 (similar to VIII):

Snoz(s) -> éno(g) +.0(g). ’7—
The pointslmarked  and 4 in Fig. 6.1 are the vapbur pressures for relations
V and Vi, which we have obtained using the samé calculations as for
relations I and II gnd taking into consideration the heat of vqporizgtion
of Sn, which is 71 kc#l/mole at 2956 K (8). There iéla major omission here
in that proceasses III and IV possibly have & higher pressure than I and II,
but no information is available. We conclude firstly that processes 1 agd
I1 ‘are barely able to satisfy the criterion of ﬁaving a %ﬁpqur pressure in
excess pf 5-50 atm at roughly 3000 K.  These processes are of such a kind
thatwfﬁey would have-led to prefe;ential oxygen loss from Sn0,.

A second conclusion 1s that processes V to VIII appear to satisfy
the vapour-pressure criterion, the pressures here being a factor of about
20 higher than required. While they do not legd to prefeégntial oxygen
loss they could still cause the rate of congruent sputteriﬁg to be in ex-
cess of what is expected using Sigmund's theory. Th%s,,of course, 1s

precisely the result of the sputtering experiments ‘of Chapter 5.

6.2.4 Other criteria - (a) The time needed to form a stable nﬁcleus,'

namely (10) the time that atoms in the liquid phase take to jump from the
liquid into the nucleus until a certain "critical size" is exceeded (11),
ia inversely proporﬁional to the diffusion coefficiént for self-diffusion

in the liquid which is related to the viscosity (n) by the following -
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relation (12):

1 k
D = ﬂ T 3ra,

where k is Boltzmann's constant éqd a,, the moleculﬁr diameter. Hence the
higher ié’thé viscpsity, Ehe higher is the‘time needed fo form a stable
nucleus, the lower is the minimum co;;ing rate sufficient to by-pass crys-
tallization (13). Tﬁe law by which "thermal spikes" (Section 6.2.1)
;adissipate he#t 1s shown in Fig. 6.2.: If the cooling rate (namely the
slope in TFig. 6.2) happens to Be higher than the rate needed to by-pass
.crystallization for a particuiar mate%ial, then we will have bombardment-
induced amorphiiatioq. Since the cooling rate needed to by-pass crystal-
lizatlon is dictated by the viscosity of the material (as discussed above),
we anticipate that materials Qith high viscosity are the most prone to
2
show bombardment-induced amorphization. This model suffers mainly from n
a severe lack of knowledge of n, it being born in mind that what is
required is values for liquids in the temperature range 2000-3500 K.
(b} Essentially equivalent to the ionicity c:itefion is Stanworth's
(14) use of electronegativity valués to predict the.glaés—forming ability
of a substance. He showea that the oxides.which were known at the time

(1952) to form glasses (3203. Si02, P205, Ge02, As szoa) all.had an

203
amount of ionic character 0.6. The main qualification to make is that
Stanworth had access to exceedingly limited information.

(c) Another criterion for predicting glass formation is Sun's (15),
based on "boné strength'.

We would point out that these early examples, besides being based

on limited information (as already emphasized) describe amorphization
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which has a fundamentally different origin. It érises from the relatively
slow supercooling of liquids in the absence of nuclei, whereas we are
interested in very fast supercooling in the presence of nuclei.

We finally notice that oxides like Si0 Ge02,‘A1203, Tioz, v,0

2°? 275

B1203, Moo3, wo3, Te02, which are readily amorphized under ion-impact
(Table 1.11I), are also known to be glass forme;s or "conditional” glass
formers (16) (namely they form glasses when melted alone or, if
"conditional”, when melted with a suitable quantity of a second oxlde or
mixture of oxides). In other words,” insofar as information.is available,
gl#ss formers show bombardment-induced amorphization. 6n the' other hand,
SnOz, which according to the previousiy mentioneéd criterion of Stanworth
and more recent electronegativity values given by Pauling (17), should
behavg(like SiO2 and GeO2 (i.e. be a glass former), "cannot be made as a
glasslby normal methods" (16)., Since SnO2 is supject to bombarament—

induced amorphization (Sections 5.3 and 8.2), this would suggest that the

experimental glass forming ability of SnO2 should be reinvestigated.
&3

6.3 GCas-release spectrometry as a means of studying lon-implanted

specimens

During the past few years much work has been done on rare gas-
release and diffusion in nonmetaliic systems (for an early survey see
Ref. 18). Kelly and Matzke (19) and Kelly and Jech (20) have proposed
that diffusion in inert-gas bombarded solids can be described in terms of
five basic processes or Stages. Flg. 6.3 shows a systematic sketch, for’
an annealing schedule with a linear increase of temperature with time;
with éuch a heating schedule, a clear separation of the Stages 1s achieved

since one Stage goes to completion before the next starts. Frequently,
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howéver, other gxperimental heating schedules are empioyed, e.g:
isochronal annealing with fixed arrests at different temperatures. The
release curves obtained in these studies (F-vs-T) fepresent the iﬁtegral
of the dF/dt-vs-T curves of Fig. 6.3. A separation of Stageé is still
normally possible. finally, isothermal annealing is often used, and
here, an overiapping of release due eo all Stages occurring below and at
the experimental temperhture will be observed.
In any practical case, some Stage or Stages will dominate
dependinngn the system being studied. The main parameters affecting the
release are gas concentration, damage concentration, the physical forﬁ
taken by the radiation damage or defects, and the distance of the gas
atoms to a free surface. On the basis of how the various Stages respond
to these variable; it has beeﬂ possible to infer thelr origin as follows:
Stage I | involves gas mobility at unusually low temperatures, namely, it
desigﬁates release processes at temperatures significantly below
those of normal volume diffusion. The latter starts to be the
dominant process between 0.4 to 0.5 of the melting point on the
absclute temperature scale. Stage IA is probably due to gas
fortuitously located in high wmeobility sites, e.g..in interstitial
positions; Stage IB is now well-established to be due to annealing
of structural radiation domage, the most common form of which is
radiation induced amorphousness.

Stage II involves gas mobility at normal temperatures, i.e. temperatures
similar to those of self-diffusion of the lattice atoms. Stage
IIA is due to unperturbed mobility of single gas atoms probably

o
involving vacancles, though perhaps vacancy clusters; Stage I1IB
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is due to temporary trapping of the gas, l.e, to weak inter-
action; of gas' atoms with radiation damage, with pre—existing
defects, or with other gas atoms. In order to discrimiﬁate
between the two procesées, we will recall that Kelly et al.

(22) propose that low-dose release involves gas motion witﬁ—

out an implied gas—gas or gas-damage interaction. High-dose
release seems, by contrast, to be affected by transient gas-

gas or gas-damage interaction. The probability that a gas

atom at depth p will escape without getting trapped is exp(-p/L)
where L 1s the diffusion length for trappiné.(23,24). L is in
turn proQQrﬁional to (volume of trapping zone)l(?/(number of
trapping centres)l/23 i.e. approximately to (p/dc\se)ll2 for gas-

/2 for gas-damage trapping. It fi-

gas trapping and l/(dose)l
/ 1/2
nally follows that p/L is proportional to either (p x dose)
or p(dose)l/2 for the two kinds of trapping, so that the
escapé probabllicy should be higher for low doses or low
energies.

Stage III involves gas mébility at unusually high temperature and is due
to strong trapping of the gas at pre-existing defects or in gas-
filled bubbles.

The theory behind marker-release spectrometry has been dealt with
in a series of publications (18,19,20). The relations of interest in the
present context are those for AT, ,. /T and AH/T valid under conditions

1/2" "max max
of linearly increasing temperature. Here AH stands for.activation enthalpy
in J/mol, Tmax is the temperature in kelvins at which a release process

maximizes, and AT is the peak width in kelvins at half-height.

1/2
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- . / ,
Specifically, let the initial distribution of the inert gas beneath the

surface be of a type appropriate to an amorphous solid, namely, as can
be seen from curve A of Fig. 6.4, “xe '. This distribution appears as

i
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Fig. 6.4. Activity-verus-time curves

for 65 Vv WO3 films which had been heated

as indicated, bombarded with 10 keV Kr
to doses as indicated, and then exposed

to 0.1 g/l KOH. <(from Ref. 25)
follows when written in full:
differential concentration = [xdx/(Rm/l.68)2]exp[—x/(Rm/l.68)] (6.4)

vhere Rm is the median or 50X range. Then it can be shown by solving the
diffusion equation 3C/3t = DE)ZC/ax2 with equation (6.4) as the initial

condition that the following is true (26):

T D,
TA“ = 311 + 19.1 log ;22— (6.5a)
max Ru1 fmin
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and
AT, . . D, :
1/2 . 0.126 - 0.0092 log, 22" (6.5
T . o210 2
max Rm Bmin

where émin is the linear hea;ing faﬁé.in K[min, D, is the pre-cxponential
part of the diffusion coefficient in cmzls,‘anlem is in angstroms.

In some,casés the distribution of the inert‘gas is better treated
as "e ™ type. Such a distribution is most generally found with targets

which remain crystalline during bombardment and, in addition, permit

=
extenzive chagﬁeling. The corresponding diffusion solutions in this case

are :
T De
SR L 308 + 19.1 log,, Zax " (6.6a)
10 2
max R° Bmin
m
AT T D
—212 L 0,160 - 0.0117 log,, —23X° (6.6b)
T 10 2
max _ Rm Bmin

Formulae (6.5a) to (6.6b) apply to so-called "Stage IIA", namely marker-
releése due to normal homogeneous volume diffusion,

Let us assume now the release process to be due to erystallization
of bomburdmen;—induced amorphougsness by the motion of a planar amorphous-
crystalline interface, i.c. so—ililed "Stage 1IB". This type of process
will typically have a small temperature width, for it involves not random
motion but rathcf the unidirectional motion of an inteérface. Such unidir-
ectional motion cas be descriﬁed in similar terms to-crystal growth into
an undercooled liquid, i.e. a series of R jumps all in the same directien.

This motion was shown to lead to the relation (27):

AN 10 Tma'xn,
T - 284 + 19.1 logl0 R Bain (6.7a)
mnax

3 l"t B

2
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In addition the same authors hnvu Buggeatcd thac 4 temperature width

for marker*relunse due to crystallization can bo deduced by assuming the

i

~-releoase to atart owing to remnant cryatnlliuity near the surface and to

be completed with the unidirectional motion of the amorphoua-crya;alline

interface ovor diatance R. In thia case the temporature width should be:

2L <0.063 log R/ - (6.7b)

max ‘ ' ' ‘
Qhare A (~0.25 nm) ia the mean atomic apacing. This estimate is an upper
limit because remnant crystallinity at dcpth A ‘woﬁld, because of the '
depth profile of the implanted iona, not cauqe.meﬁaurabla out-diffusion.

The diaorderad layor thicknesa R in’ Eqs: (6.7a) and (6.73) can

¢

R = R
o

where o ia found experimentally with Al 0 (28) Si (29) and- WO (25) to

‘lie between 1 and 2. 7

" A hint of the way the formalism of marker-release apectrometry iu
. _ \
ured ia given in a review by Kelly ot al. (30). Let ‘ua conaidey, for
example, Eq. (6.5a) and take a matarial, for example 81203._o£ which we

. -~
know AH and D, for cati&n aelf-diffusion (values derived from experimonta

otiiedy than marker-r' case) . Now, Eqa. (6.5a) and (6.5b). ave based on .

the aaluMption of Fick'a aecond law Juat an are the aelf-diffuaion data,

&
. ad” this means that one can deduce T ax 38 well as A'I‘l/2 of a hypothetical

release peak rqlated to gelf-diffuaion, Making at thia point a marker-
releane experiment in B 03. if one- cbaervea a procesas which ahowa T max

and AT1/2 uatiafying,an. (6.5a) _and (6. 5b). then that poak 18 aaid to be

-4
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related to self-diffusion’ and is cnlled'“Stnge IIA".. The second prqéeaa

Y

~in Fig. 6.5 was in thia was idantified aa Stngo IIA. ;

On' the other hand ic ip known that the crystallization tomper-
" ature for amorphous 31203 films 1s 250°C (31), .a value aimilar to the
maximum of the firat process iﬂ‘rig. 6.5. Eq. {6.7b) is based on the

" assumption of raiease due to cryétalltiation and this means that one can
deduce AT, of a ‘hypothetical rolease pank. Aa d matter of fact. ATy /5
was found in this wav to be twice as large as axpected and the crys:al—
li:ation‘waa concluded tq be qpnormnl. A lator atudy (27) revealed that
thé dbnormﬁlitg lay in tho faét that qryatql;ization ocqgrrad homogeneously

' rather‘thnn.by interface motion (cfr. Madar (328). This means that instead
. ‘ .

" of the marker beilng swept out in a single atep, it eachpea i a more com-

plicated mannar. which, though difficult to troat analyticallﬁ will by

necosalty involv? a greater tomporaturo width. - . \\\

Eq. (6.7b) is op the other hand in good agreement with what. 18
observed for gas release associated with discrder annealing for at least
10 substancea: Si, Ge, o- A12°3! Ti02,'Cr203; O Fe203'(28). Too2
Y205 (27)(Fig. 6.6), nn'd,SifO2 {33). Thua. as gummarized in Table 6.1,

'Mooa.

3

the values observed experimentally for the width at half-height during the
cryétalliaac;on lay between 0.056 and 0.096. Thia imblied cryatalliza;ion
by interface @otion, a reault which has bean verified for 7 AI thu'10|sub-
atancea. TiO, probably crystallizes homogencouasly (34), while Crzo3 and
F0203 have yet to be atudied. 8102 crystallizos in one atep by intarface
rotion after low-dose bembardment aﬁaﬁhdmogeneoualy'(to yleld G-cristoba-

N

lite) after high doses. -

Summarizing, the rolations we will be intereated in, while analyzing -
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dF/dt (oroirory units)

L
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Fig. 6.5. Typical difforential gas-release spectra for 31203
specimons which have been bombardment-labeled with 10 kaeV
Kfas and then heated at 25 K/min iﬂ flowing oxyaan,.-wa
proteaécs are clearly resolved. (from Ref. 27)

BN
T L] L A | T T
[ 1
X
! A
b
. I —
£l |
. Kr-Te Oy ! | K0
gL | ) o
g 1x 10" i 90" .-
. lons/Am? l| lons Am?
~ ! |’//
% |

\
\
\
\
!
\

B T S ——

w'_l_" A 1\"-11-'-' A

0 200 00 000
TEMPERATURE (°C)

1
Fig. 6.6, Typical differential ghe-roleane apoctra for Tel
and vzos spacimens which have boeq bombardment=labeled with
10 kaV'Kras and thon heated at ZSJKImin in flowing axygen. *

Two processacs ara clearly roaolve

2

with Teo2 but only ona,
owing to the volatility, with VZOS‘ " (from Ref. 27) .
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TABLE 6.1

Experimentai values for tho width

at half-height during cryhtnllizntion

144

Subatancé

. AT/T Interface motion?
si 0.071 yea
Ge 0,061 yes
A1203 0.060 - yes
Tioz 0.093 no
Crzo3 0.091 -
'reO2 0.056 yas
Moo3 0.096 yes
V205 0.084 ves
SiO2 $0.10 yes (low-dosme
) bombardment)
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mnrknr-ralonae apectrn in Snoz, are Eq. (6. Sb) and Eq. (6.7b), Eq.
(6. 6b) assumos an "ea " diatribution. and this is not a good approxi-
mation for a subatanca subject to bombardmont-inducod umorphiaation.
Comparing experimontnl spectra with the prcdictiona from
Eqa. (6.5)-(6.7) 18 not the only informution which is availuble for under-
standing the spactra., In fact. an jmportant step in interproting spoctra
is-to note thét release duc to a true diffuaion of the implanted Kr iona
in ;hc.undamnged lattice of the host crystal will diminish in ralative im-
 portance aa the dose incroasaes dues to the onset of processes correlating
.with radiation damage. '
Another phenomenon to keep in mind q)en unalyzing mnrkor-rclenne
spoctra is the posaible volatility of the aubatance. In the Sn~0 ayatom -

the main dacompoaition procena ia the following: o

-

- 1
Snoz(s) * SnO(g) + 5 02

—

for which the 02 presaure at 1000 K 19'10"12 - 10-13 atm (Section 6.2, 3.

"+ When oxygcn at l atm 18 used as the carrier gas as in tha present work,

such a procaean ia complotely blocked.

At this point one may wonder why we are placing such an exaggerated
1mp§rtanca on an indirect technique such as marker-release spectromeatry
The fact is that though high-energy reflection electron diffraction is the
only truly direct way for categorizing how bulk materials respond é; high
doges, it faila to provide detailed information on the amount of disorder
a8 a function.of dose, dﬁae rato, energy, temperaturc of.bombardment. atc,
In addition, the diffraction technique could faill to datect structural

changea induced by low-enorgy ions as in auch casea the elactron boam would
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penetrate to a depth which ‘is large with respect to the damage mean range

nﬁﬂ_within;wﬁich the damage would %Be a hcgligible component. Finally,

electron diffraction is too slow to enable a detailed study. We have

!

.~ tharefore adopted the policy of seeking indirect evidence to as grbnt an

extent as possible in such axper;l.maﬁt:a as marker-release spectroscopy as
well as dissolution-curve analyaia or a moasﬁrement of electrical conduc-
tivity. In this way wn‘have‘obcnined much information on the doses,
energiea, and tomperatures of interest and have had to perform only a min-

imal number of diffraction meaaurements.

6.4 Electrical conductivity measurementd as a moans of atudying bombardment-

inducod atoichiomatry changes

We have seen in Section 1.2.7 that‘bo@?ﬁrdment-induccd oxygen loss -
in an oxide can be detected by the remnrkablejincroaao in the electrical
conductivity that normal;y accompanien it.

As far as SnO2 ia concerned, it ahoﬁld be noticed that whilelthe
pfepondering-weight of evidence showa Snozito be.an n-type semiconductor

(35-40), it seema that auch a propgréy wag not measured on pure Sn0 In

2' .
fact, raecontly Vincent (41), investigating the nature of aemiconductivity in
Sqo2 £ilma producaed by pyrolytic decomposition of tin chloridea (42-44),
concluded that the conducting tin oxide films "probably owﬁ their conduc-
tivity almoat entiyely to the inclusion of chlorine ions in the lattice",
Likewine, Aboaf ot al. (45) have carried out Qork in which X-ray-diffraction
and eloctron-microprobe measurements showed that changes of electrical |
*cdnductivity in polycryatalline vapour depoaited SnO2 filme ware dus to the
combined e%ffpn of 0 deficlency and the iddorporntion of Cl in the £ilm.

We wquld note alac that inveatigators have not had conslatent
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regults for the extent of uomicundqqtivity“evén in supposedly pure, crys-
_tnlline'tin oxidae: vaq@ly different values were in fact noted, e.g. less

o™ (46) versus 0.2 oha! en™l (47),

than 107°. oo™

Only when the possible effecta of chemical impurities have beénl
eliminated, cﬁn7argumnnta basad on the atoiéhiometry of the‘co pound be

ks

conaiderad (48-51). Aa to the stoichiometry being of an axcegs or defi-
~clent character, and of which ioun apacies, Peterson (52) concludes that
| SnO2 1s an n-type semiconductor in which non-stoichiomotry is dﬁe.to.
oxygen vacanéiea, In ref. .33 it is shown as woll that "the domin#nt
?ntive defect in Sn0, is a doubly ionizabln o*zgsz‘vacancy";

We have in the present work measured conductivity using a 4~point
probe, ‘

Consider a rectangularly-shaped thiﬁ film of thickness w, length 2,

and width b (Fig. 6.7). 'The resistance of the thin film, R, 1s given by

£ 3
v OReE R @

whaero Ra is called sheat reoasistivity, The ratio /b ia called the number

of aquarea, and R, s givan in units of "ohm per square". The ahest

conductivigy, O is the reciprocal of the sheet reaistivity, and is glven

in unita of "ohm-l.n“.

The relevant expresaion for deducing o appropriate for a thin layor

with a non-conducting bottom surface is (54):

o, ™ oW = (L/v) %‘—2- ohm L. o (6.8a)
The expression for a semi-infinite gpacimen ia
1 "l "l . o
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vhere s 1a~tﬁe spacing of the points (0;1 cm) (Fig. 6.7). TﬁiS'lnst
cxprésaipn 1s for.a truly semi-infinite medium, and the correction for.
the finite width and thickness of the stciméns‘can be inferred from

-

'Figs. 6 and 11 of ref. 54 to be'unimporpant.

e ‘ .
6.5 Dissolution experiments as a means of determining the thickness of

altared layers-

As poihtea out by Jech (55), solubility changes can be used as an
important supplement to methods such as electron diffraction or marker-

release as a sensitive indicator of_lattice disorder produced in solids by

ion~bombardment, _

The dépth of the alteration can ba estimated if the integral ion
concentrnti;n profile is known. Since én?z‘has & mean atomic woight of 50,
we will aimulaté it with 2nS, nean mass 49, for which dath‘diatribution
paramoters are available (56), This means that an integral profile can be

plottod using the rolation

int 1 X~<x>

C L 5 arfe W (6.9)

where <x> is the mean projected ion range (7.0 u g/cm2 for 35-keV Kr as
doduced by interpolation of data in ref. 56) and Ax is tho mean projected
ion struggling (3.0 g/cmz(SG)). The rasult is given in Fig. 6.8.
In'pnrgiéular one would injact a radioactive tracer (e.g. 35-keVv
" Kr), dissolve tho disordored surface layer of the solid, and note the
fracticnal rntuntiog of activity. Rofarence to Fig. 6.8 immodiately on-

ablos a depth to be inforrad.
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CHAPTER 7

EXPERIMENTAL

<

7.1 Sgocimhné

‘ The specimens wore in some inatancou pcllota pruparud by cold=
prcasing high purlty tin-oxide powdor* without tha use of 4 binder, |
The pelloéﬂ wore aintorcd ovornight in air at ~1350°C and furnace cooled;
thoy were then polished on fino‘anndpnpcr. washoad with CCl4 and acatonce,
‘and refired to ~1150°C for two hours followed by furnace cooling. ‘Sincc
the socond hduting excoods the t;;;érnturu for grain growth cstablished
in Chapters 2 and 3, it can be naghmud that auffncc damagoe introducoed by
the mechanlcal troatmont was anncaled.

A socond rot of cxporimonts was carried out using the minoral
cassiterite, 1.0. naturally occurring SnO2 (Mount Chorolque, S. W. Bolivia).
About the mattor of chemical composition of thege samples, Kolmke (1)

.atudied cassitorito from BJolivia; he writos that his “roaulta imply that
O-K groups arc also prosent in natural stannic oxido, proaumably having
boen introduced during a natural hydrothermal growth process, and that thoy
aro oriented in a plano paerpendicular to the C-axis of the crystal; no
other Information concorning the purity or atoichiometry of the rpecimons
was glvon. On the other hand, the impurity contant of cassiterite cryu-

‘talas from Schlaggenwald (Germany) was roported by Liebiach (2): Sn02-99.33;

T102-0.64; Si02-0.13; (Feo, Al) 0 -0 17; raro earths=0.10; totuiﬁ100.17 aas tho

* Morck and Co.

134



.“.

Tlow

oro nuafyaia. A ﬁpactlophotographic ;tudy by Eberhnrd4 alao reportod in ©

wlag ol

a

Ref, 2,° ahowed Al. Ca, Gr. C v Fa Ga. In, K. Mg. Mn, Mo. be Sc. Sr. 31. o

s

xﬂ. Ti V, w and Zr to- be preaann in the caaaitarite. Nora recent invep=

tiaationa £3) ahow that "tha Su 1n caaeitarltq ia replaceu by re’ (s&:)..

- Rt

it

Ta(iSX) Nb(€2 52)‘ Sc(s0122). and In($0 2x)" Bafore uao, the apecimunﬂ'
. - L

wara eithar annaa{gd or both poliuhed and annaaled.' Thu pbliahina wae

AT
. nacaﬂaary IT raflaction alaotron uiffraonion Wﬂﬁ to he uaed. . LY

\'.J

A vhlrd aet gf axperimmnta wag carried ouL usina tiu anouiand to

o

- SOV and already repurned‘in Chgptar 5.
_/\,

S B 2 Tachniqggg .

Sinqe the cleataat and moat direct meana of characteriaina tha

chanaﬁa ln aolidn due to 1on-1mpact 1& prnbably hiah-enargy elactron"

\

diffrq!tion. aamplea wcra examinad bbfo:a and ufcer hombardmann. a8 wa\l

A

. f‘.,‘ LR tollowing varloua ann:aling tnaatmenta. wich tha alautrun-di!fraction
;‘:;. - un&t of a Philipa kM—300 afggtrégpmﬂeroucopa oporanad at ﬁQ. 60 and 80 kV'
- Bacauae tha mata:iala are non-ennduqtora the - charaae prbducad on them by

_ tha aleqtron beew hhd te ba nautraliaad by moana of ailvar paiut Runnina

-; . ' . A Y 1

from Ehe aampln holder up to tha uidea of tha anmpla.

An nlLarnative and aomnwhat indxract mﬂthod o! determinina itruc-

=

tu:a ohnngea due'to 1on-impaet ia markar1la1aaae apont:om&try.- 1he typicnl

.
\a’"
rd - :

expar.tment.al ar:‘ansem@nc haa hoet\ almacly reportadh previoua publication& ' 5’

(nat 26 and aﬁ“of Lhapter G!. The baa:a 1@ o labei\yhe apenimcn with a-

= -_ radioaotive 1na:t gaa and thqn datarmﬂne. with a lﬂned% uomporatura '
‘ innreaaa. the Lempwa:urekhr thé taluu of thq gaa, th& geaea. serviaa as -

a'n’;in\f-marker for ?\haae ohanaoﬂ.hatoiehtoqmuy ehangaa.,defeot am\enl:l,ng, - .

R o diffuaion. The approaqh &e !ormally ety aimilar to DTA. uvonato thé -

“ L8 CoLe e R U LT

.."c- ) T . R ) . L] < . . Vo
. . . .- R . . E
PR e e S
. -, f . - : . . - DR I . .o

‘ ‘.}TQ‘.\ T . . R " . . . ) ~ R d \



S

'-"'15-6.

~ extent that eimilar equipmunt'oan be'dnéd. In our tase tha aan Ilowing

ovor the anmple wad oithar oxyaon or halium. and bombardmenta were made

& was injactod into'

14

in the NcHaator-O-SO keV aecelarator./ Raciuauuiva Ke'
_thc,npocimena at an onersy of 33 keV uvaing tluancaa hntwaen 1 3 x 10
ionﬂ/cm and ? x-¥b~ iona/cm and fluxaa up to a3 LlA/Gm « The mout °

- comnonly unad flux. L) ixA/cm , waa ahown previouuly to give nogligible
_hontins ot a apecimen (6) . ' o

\.. The third tuchniquo employe¢ wa# one based on- aolubility ehanaeﬂ

, rf(Rof. 55 of Chapter 6). The first atep in obtainina uo-aallod dialolution

a3

. eurves wag to label apecimena-with radicactiva Ke™ ', or, more oeouomiedrly,
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v-'\ .

'axpoaod to a high-fluence bombatdment ot uormal Kr. The apoeimena were ,
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uotad a8 & !unution of. time. Providad the dapth distribution ot the ia=
ﬂected tong cnn be entimnted (Saution 6 5). bhe ;rnetion of. rntninad ae-;'
s civity onahlat—onu to deducu tha thiuknaaa of ﬁhu 1ayer removdd. Senui—i
. tivitiea down o al 11ttla aa 2 nm are eaaily nbtainad. Thia 1a 111ua- flh‘
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of tLg.dtaordered phaue !Eom a nealiaiblc or much Wiower ruleaae dua co,_
r attnek on the undarlyina luaa damaged lattice.’ Tha apeniqpna uled in-
oludcd both Snoz pelletu and‘natural ‘cdesiterite. - Ly )
Tho tourth taohnique involved the moaauremen:‘ot nlqetrinal eon-
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natural caspiterite) wprﬁ weagurad using a linaaf four=point D.C. proba*
technique aimtlar to Ref. 3, 6, and 7, for which the oxperimental arrange-
ment was acﬁématically,ahown_in Flg. 6.7, Measurementa consiated in

N . _ : o
pasaing a known direct current (I) through the cutor pair of probes and

‘mhanurins the poteutial (V) acroes the inner paif'of probes. Thua, the

conductivity (1/¥) in unita of c_:hm'"-1 was eQaiuatad and could be uubatief'

tuted into Lq. 6.8a or 6.8b. An average value of (1/V) was established

from several sepurate ﬁénauramencs by-hhanaina_thn polarity, magnitude of

"~ 1 and probe=head position on tha poellet. Varying I alao served as a

veri!icaiion of the ohmic behaviour of the epacimens.

e

13

* A M, Fell (Mfg) Ltd., Suseex, Engiaﬁd. : _ N
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8.1 'Mafker-rQIeana measuramentn

"‘—.__

CHAPTER 8

.  RESULTS.
| o

The firat sat of markcr-relonae nxperimcnta wag carried out on
Sno2 pellotu uuins lle as a carrler gan. Aa ahown in Fig. 8.1, the maiy .
feature of the :cloaaa apoctrum ia_the clear ronolqtion of two procaasca,
On che othar_hand. 1n-d vecond aaries of oxparimnhta usiné 02 aa the
carrier. we notice that the low namparaturn releage process tands to be _
less prominent though atill normally pronantJ(ria. 8.2). Fig. 8, 3 ghgna_—————-—
& release apactrum for an experiment carriiﬁ_sﬁt on natural canaiturite. '
Tables 8, In. 8.Ib and‘a Ic pummarize the results for 3% keV Kr. A
bombardmnnt of Snoa. N o o9 i o

In Table 8.II the experimental values of the temperanura widtha

are comparnd with thcae expected for (a) out=diffusion rolated to cryu=,

_ talliaation (Stasa I1) and (b) a releage procoes relatad to self=diffusion

(stﬂﬂﬂ IIA) '

. 8.2 gaglaotion olaatron di!fraouion

In view of the evidenna !rom uheomazkor-releasc expnrimentl that .

~at loanc two releaae proceasas ocaurred; it looked loniual to check by

elevtron diffraction the ‘atructure of samples after heat ‘troatmente at
. \__._-_" .

hémparatura TA and T (Eis. 8.3). \Fia‘ 8. ahowi the patterns of a “sample
of natural casaiterite (a) /before bombardmnnn. (b) after bombardment to

~101 iona/em with 33, knv Kr. () after annealing 1q*a1r to v630°C, (d)

1)

160
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"-'i
3

' dF/dt (arbittary units)

_ "
"%9 o 697
"TEMPERATURE (K)

Fig. 8.1, Typical differential ‘a,ai;-relense apactrum for 8n0, pellets
which have been bombardment-labeled with 33=kev Kras and then heated at
28 K/min in tlowina helium. " In this epocific oxample the doge used was
4.7 x .I.(J15 :I.on_l/omzl the release processas maximiue_ at temperatures as
indicated. ) |

It
\
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“ ) TABLE 8.1la
. "Analyniu of mnrknr-folénaa apoctra'(un-flow) in Sn02 pellots
hombarded with.35 keV Kr
: for for AT/T for AT/T for
Number of lgﬁ-tnmp. ' hTaﬁ-tnmp. low-temp. high-tomp.
apactra ~ process(K) procass(K) procasg process
Mo 700 £12 19124 ,123 & .0L7 045 £ ,000
TABLE 8.Ib
Analyais of mgrkur-rolonso apectra (0,=flow) in ‘Ino2 pallets oA
- bombarded with 35 kgv Kr _
. for for AT/T for AT/T for
 Numbar of lgw-tamp. h!b ‘=temp. low=tomp. high=temp,
apoctra ~ procesa(K) ~ procegu(K) procass procoss
15 747 + 19 1172 + 8 - 222 £,033 069 & .017

P

TABLE 8.Ic

Analyaiu of marker-raleasa npuctra (0,=flow) in natural cassitarite
boubarded with 35 keV Kr

for for AT/T for AT/T for

Number of lgb-tnmp. hfaf-tump. low=tamp. high-temp."
apoutra procesa(k) procesalK) proccea process
L1t w92 + 13 1200 & 7 <225 & .026 094 & ,010

t

BN
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| mnné_ 8.11
lCompuriéon of oxperlimontal AT/T w;th 0xpectod valuos
‘ pellats, pallets, natural cassiterite,
Low-temporature procosa - Oz-flow . Ho=flow Oz-flow
222 _'.'123 Y s

Obeorved ATH/Tmax(Klg)

Calculatead ATE/Tmux(K/K)= ‘
(a) for out-diffuaion dug .

to cryatallization due
to Intarface motion
(Stage IB)w

(b) aauumiﬁg normal volume
diffuaion with an "x

exp(~x)" typa initial

- diatribution (Stage
IIA)t

High=temperature process

Observed ATk/Tmux<K/K)

Calculated A“k/Tmux(K/K)'

(a) for out=diffuaion due
to cryatallization due
to interfaca motion
(Stage IB)w

(b) assuming normal volume
diffusion with an "x
exp(=x)" type initial
distribution (Stage
IIA)+

<. 101 <.101 . <101

A4T=.165 | L147=,266 148,166

.069 " .048 .094

<.101 <.101 <.101

«144-,162  ,144-.162  ,143-.162

* R wag taken as 10 nm, as moasured in Section 9.4, Eq. 6.7b then gave

an upper limit to ﬂTM/Tmnx'

6.5b then. gave AT&/T
ranga for D,.

max"

+ RE wag taken as 13 nm, as from Ref. 1 and D, ag 3 x 10'1*1 cmzlﬂuc {2).
E§.

Thd range of values comee from the assunied

!
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aftar annealing in air to 1100°C. Wo thus donfirm the bombnrdmﬁnt-inducud
amofbhizntion;BE $n0,. We show turthqf that crystallization takes place
at 660-750 K and occurs homogeneously rather than by intorface motion.
Finally, we eatablish that upltaxial rccryatal;gzntlon takey place ovar

a compurat#vcly nnrrqutqQParﬁﬁurn ;nngnAceutofiﬁg at 1170-3200 K.

o

Figs. 8.5 and 8.0 show the [ractional activity releasad ue & fune=

8.3 DNisuoclution and F-ve =dose curves

tion of thea time an anzfpuilet or cassiterite single cryatal iw exposad
to 10X H¥, Diauolutionﬁpuriodu ae short aa two gecondn have been uuéd.
Such curves were obtained with about forty upeciménu bowbarded with 335

14 16

keV Kr at domes ranging between 1.6 x 10 tona/on?.

and 3.0 x 10

_Tho curves are interprated as showing thaﬁ_thu surface layer of an
‘tmplanted pellet is reudily dimeolved aﬁuy..but the underlying material is
not attacked at.a moauufablo rate. Aa n.matﬁof of fact, once F.has reachad
its plateau, it remniﬁn‘cohstnnt even after hours of oxpcuuté.teAiox;uF.
From Figs,.a.s and 8.6 it cﬁn'alno be asan that the amount of activity
retained decreuees with;incroaains dose, being 18X at the higheat douse uaed.-
l.6. 3 x 1016 iq!’quz. ﬂExplicit figuroy are given in Table 8.11l.

Tubloé B.Iv;ﬁnd 8.V ahow thae fractional activity rataiqu aftor
thermul annealing to »1100°C or <1100°C respectively. It unﬁ*;a séen that
when énnaaling iu carried on up to at least ~1100°C, thermﬁl éﬁnealina
(Tabla 8.1V) and diwsolution (lable 8.1II) are equivalent in that ého
activity retained after dissolution ie similar to thnu_rdfuinnd after
thermal annealing. This equivalence does not hold for lower ahnoéling
temparatures. | |

( The infqrma\tion in-Tables 8.II1, 8.1V and 8.V ie plottad in

. - i } ! . . ) f

- . . - a .
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TABLE 8.111

T

Activity retained after dissolution'of'SnOz'héﬁples

(pellets and natural cassiterite) has gone to completioﬂ-"

Dose (ioﬂk/cmz)

Fractional‘activity retaihéd (1-F)

1.6
6.6
1.7
2.0
3.4
5.0
5,0
6.7
8.2
9.7
2.1
2.5
5.0

A I T E

x 10t4
x 10

x 101
x 10%°
x 10
1615
1015
1015
10"
1015

10
16

10
1016

14

15.

16

{nat. casé.)
(n;t. cassg.)
(pellet)
(nat. cass,)
(pellet)
{pellet)
(nat.. cass.)
(pellet)
{pellet)
(peliet)'
(pellet)
'(nq;. cass.)'

(nat, cass, )

8%
.55
.65

41

o .59

5 SR Y

' .31

.45

.41

.32

\ .25

.26

.18




- TABLE 8.1V, °

Activity retained after heating to T > 1100°C

1

(heating

rate 25 K/min)

- 171

Ve

;‘Dose (1ons/cm2)

Activity

retained- (1~F)

Max{imum tempe%ﬁéhre {°c)

1.6
4.7

407

~.3.7
4.7
. 8.3

9.4
9.4
1.9
1.9
1.9
1.9
2.8
2.8
4.6
4.6
4.6
5.4

5.4

6.0
6.0
7.0
7.0
7.0
9.4

LR O . T T T D B B T B TEEE B R A L. TR L

o .
14,(nat. cassa.)

10
1014
1014

(pellet)
Ypeliet)

10;4.(pe11et)

1014
14

10
1014
1014

10%°
107

S 6886888685555
CEEEREREGEGG

.(nat.'cass.)
(pellet)
(pellet)
(pellet)
(pellet)
(pellet)"
&nat. cass.)
(nat.'kass.)
(péllet)
{pellet)
{pellet)
(pellet)
(pellet)
(péllet)
(pellet)
(peller)
(pellet)
(pellet)
(peilet)
(pellet)
(pellet)

‘54

. «53

.66
.82
.35
.84

.59

.54
<46
.61

'.2_9

- .33

.43

.« 54

48
.53
.58
.26
.31
.48
44
.48
-46
-49
.30

1’109

1,117
'~1,100

1,100
1,123

~1,100

* ~1,100

21,100
A1,100
1,104
1,116
1,190
1,190
~1,100
1,117
1,109
1,244
1,230
1,210
1,245
~1,100
1,100
~1,100
1,100

(oxygL £1ow)
(helium flow)
(helfum flow)
(oxy flow)'
(oxygen flow)
(o
(he ﬁm
(helium flow)
(helium £low)

(oxygen
(oxygen
(oxygen
(oxygen
(oxygen
(oxygen
(oxygen
(oxygen
{helium flow)
(helium
(oxygen
(oxygen
(oxygen
(oxygen
(oxygen
(helium flqr)
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9;4 xﬁlO15 (pellet)

- 9.4 x 10%° (nat. case;)
9.4 x 100 (nat. cass.)

2.1 x 1030 (pelter)

1,135 (oxygen flow)

1,112 (oﬁygen flow)
1,100 (oxygen flow)
1,156 (oxygen flow)

e )



' TABLE 8.V -

-
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Retiviey retained after heating to T < 1100{!. .

(heating

rate 25 K/min)

: Dose (ions]cmz)

© Activity

retainéd‘(l-F)

Masxipum temperatufe (°c)

8.2 x 1044

4.7 x 10%%
9.4 x 104
1.5 x 1053
1.9 x 10%°
© 2.5 x 100
4.9 x 10%°
5.0 x 10%°
8.3 x 10%°
9.4 x‘lO15
9.7 x 1077
9.7 x 1070
9.7 x 107
9.7 x 107
9.7 x 10%°
1.2 x 1016
1.7 x 1016
1.7 x 1016

(pellet)

(pellet) -

(pellet)
{pellet)
{pellet)

(peilet).

(pellet)
{pellet)
(pellgt?
(pellet)
(pellet)
{pellet)
(pellet)
{pellet)
(pellet)
(péllet)
{pellet)
(pellet)

: 096 . L :

.91

.85
.92

+69.

.85
.86
.91
.68 °

.57
.66
.51
-84

.73
+55

768
1666
666
745
704
768

745.

768
768

. 666,

- 745
745
745
745
745
768
768
745

3

(oxygen
(helium
(helium
(helium
(helium

{oxygen

(helium
(oxygen
(oxygen
(helium
(helium
(helium
(helium
(helium
(aits

(oxygen
(oxygen
(helium

flow)
flow)
flow) -

flow)

flow)
flow)
flow) -

flow) -

flow)

‘flow)

flow)
£1low)
flow)
flow)

flow)
flow)
flow)

“rd



?1§. B'f: Wb have seen that the low temperature release, cdrresponding to
_the amorphous-polycryscalline transition (Fig._s 4c and 8,1-8. 3},.maximizes .
at 600-750 K (Table 8. I). Liketiise the high-temperature release, corres- -
pondinp to the ﬁblycrys:alline-single crystal transition in the case of
_fcassiterite (Fig. 8.4d and 8. 1—8;3), ‘max{imizes at 1170-1290 K (Tablc 8 I)

Curve 1 of Fig. 8.7,_:herefore, confirms the observation mentioned  above

that the total reléase due to both crystallization and recrystallization

{ -

+

is eduivalent, as far as the amount of activity retained in the sample is |
c§ncerﬁcd, to a cﬁemical process 1niwhich the disordered;surface layers
" of th? sample are dissolved away. éurvé 2 Bﬁogs'that the amount of
_activity retained if the sample is heated.in He through, but nét.ﬁéyond a
the firsclrelease process, is ;athe; ﬁreater than otherwise. Moreover; |
it can bé seen from curve 3'théh the fractional activity retaipgd'isfstill
. higher ik the annealing‘atmosphere:ls oxyégn. This ;p agreement with the
-already noted fact (cfr. Section 8.1) that the Eirst process ié.lessic
prdnoun;ed when marker-release in qn-oz-atmoéphe;g is used.
éhé'identificatipn;of the dissolution curve with the annealiné
curve is particularly important. ft is an indication that all marker
gtomé imbedded in the amorphized layn;rs, and finally removed by dissolution,
‘are driven out during the ove}all cryéﬁallizatioﬂ and recfystallizatioﬁ
proc;ss.Q |
In other éxperiments, dissolution and annealing were combined-._
Hhen‘digsolution experiments” were performed on samples a;nealed at a high
temperature (3»1350 K, which is past the high-temperature release process)

the regult was that ne further dissoiution took place, namely the retained '

activity remained as shown in curve 1 of Fig. 8.7. This 1s expected.
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A -

When‘dibsoluéion enpefingn:s wern‘pérformed dn‘snmples annealed at
-v1030 K (i e. a temperacure whgch 18 above the firsc release process,

" but below the Becoﬂd), the resulc was that there was still dissolution
caking place (Table 8 VI), though the total amount of activity retained
after combined annealing ('b1030 K) and dissolution was higher than that -

shown in curve 1 of Pig. 8.7 (Table 8. VII) /

Taken together these resulcs are unde:standable if it 1is assumed

that nne rate of dissolution in HF is higher for amorpnous‘Snoz-than for
' poiycryacalline_or singlg ctystal_Sn02 ;espectiﬂely; ‘

| An alternative view is that some anorphous-msgerial is still _
:presenthin thn polycrystaliine layer. ?erhaps the nfystalline material
can be thought of as being "in suspension in an amorphous aolvent The
existenc%\af amorphous material between the grains 1s more 1ikely in a
homoggneous transformqtion (Section 6.3), as the amorphous—polycrystalline

: . : !
transition in Sn02, than when the transf tion is by interface motion.

. 8.4 Electtical ¢onductivity measurements

*

ngered in'air) and natural

casgiterite (annealed in air), while the DC currents were 10—2, 10“3 and

10-4 amp. In spife of the decreasing values of the current used, the DC

The speifmens used were’ Sn0, pellets

current source* alwaynlshowéé the?ﬂvoltage compliance limit" to be func-

“tioning, indicating that thé load conductivity was less than 10"&/100 =
1078 oL,

Samples were subsequently bombarded with Kr at 20 keV using

ir

fluences between 9.4 x 1015 ions/cm2 and 3.2 x 10 ions/cm2 and fluxeés

5 7 11A/cm2. Again I/V resulted to'be < 10-6 ohm—l. Then the conductivity
el

-

* Model 225 Keithley



TABLE 8.VI

~Released frdctiouél aptiVity after

177

.. annealing (~1030 K). and suﬁgequénc disablucibn

F due to annealing to.T = 1030 K |

F due to: annealing to T = 1030 K

. 8.2

~ Dose oz—atmqsphefe He-atmosphere + dissolution
- (Lons/cm™) . : o 0,-atmosphere He-atmosphere
x 1014 046 - A4
15 e
2.5 x 10 .14 28
5 x 10°° .15 .36
8.3 x.10%° . .09 .19
9.7 x 10%° 16 .30
' 16 .
1.2 x 10 .07 .21
1.7 x 10%6 .27 .48
1.5 x 107 .08 .15
4.9 x 10%° .15 .19
9.7 x 10%° .34 .38
9.7 x 10%° .40 .55
9.7 x 10%° 43 ‘ .53
9.7 x 1007 .49 .50
1.7 x 100 .45 . .67

-
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TABLE-B.VII

Retained fractional activity after annealing to T » 1350 K

and after combined annealing (v1030 K) and dissolution

. 1-F, asg from curve 1 1-7, as from samples annealed-ac.%loﬁo K
Dosge 9 of Fig. 8.7 "' and then dissolved; annealing atmosphere:
(ions/cm™) : ) 02 | He ’
8.2 x 10%% .66 . Lse :
1.5 x 10%3 .59 E S ‘ .85
2.5 % 10%° .53 .2
4.9 x 1680 46 | _ .81
5 x 100 | 45 .64
8.3 x 107 .40 .81
9.7 x 10%° .38 - .70 .62, .45, .47, .50
1.2 x 10%° . .35 - .79
1.7 x 10%® .31 52 . .33
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was measured after Kr-bombardment, but this time while the Sno2 éample
(peilel:) was still in the accclerator chamber, i.e. un;!er vacium. The - -
Kr ion énergy was 35 keV, fluences were l.4 x 1017 to 1.2 x 1018 ions/cmz,

r-
»

and flukes were ¢ -8uA/cm2.‘ Again no conductivity change occurred. -
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" CHAPTER 9

DISCUSSION

-

3 *

9.1 Low-temperature pr'c;ceaa‘ P : . ‘ .
As we have already pointed out, the low—temperﬁ:uré marker-

release 18 more prominent in the case of He-flow- than 02~flow (Scction

8.1). Thus, it might at first sight be thought to be related to an

' annealing stageIaBSOCiated with a partial reduction of the specimens .

L’
which persists to a higher temperature due to the He atmosphere (1).

Thé above point of view is s:pportcd (crroneously, of. course)
by the experimental ATl/ZITmax valueé FTable 8,.II) suggesting the |
rélease not to be related to crystallization by interface nmotion. On
the other Hand:-the ATl/ZITmax values é;e fairly close to what is cal-
culatgg fof normal volume diffusion (diffusion in a damage-free lattice).

Both the correlation of the lo;-temperature process with a He
carrier an& the ATl/ZITmax values are evidently misleading.' Thus the
diffraction evidence is completely clear in.showing that the low-
temperature process is due to an amorphous-~crystalline transition with
formation, not of a phase eéitaxial with the original phase, but rather
of a polycrystalline phase. We are thus dealing with one of Fhe few
nown cases where the model of crystallizatiop by interface motion used
to derive eqn. (6.7b) was incorrect, as the crystallization had occurred
homogeneously. The low—tempefature process can be correctly designated

as Stage IB.

Another example is Bizo3 (2). Here the experimental AT
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for the low-temperature release does not match the calculated ATIIZITmax -

~

'_for Stage'IB and at the same time the diffraction patternS'confirm the
. formation, not of the original single-crystal but of a. polycrystalline

'phase of untypical crystal form. SiO2 is intermediate. It crystallizes

in cne step by interface motion after“Iow—dose bombardments and homo—

l

'geneously (to- yield o—criatobalite) after high doses (3). A1203 and TiO2

.~resemble Snoz, 81203 and SiOznby virtue of crystallizing homogeneousIy

1

- (to what in the case of,Tin is possibly anatase) and of shoning epi~
taxial recrystallization only at higher temperature (1). lt is-nzre
'usual, however, that a substance shows interface motion insofar as this
is possible: ‘Hoo 30 Te02, (2) ,l SiO '(-].ow-dolse bom];ardment](3), Ge
_(4), 'Si (4,5), GaAs (6), GaP (7). The distinction between what is es-
.sentially interface motion and homogeneous crystallization is discussed
further by Hader (8), as both processes are found with the amorphons
alloys with which he works. (In fact, Mader uses the term "heterogeneous
crystallization” for what is equivalent to our "interface motion".)

ln a process'wnere there is anlevolution of the type amorphous—+
polycrystalline+epitaxial, the intermediate phase could in principle

(
(though not by necessity) have a different structure than the starting

material.” Crystallization by inte;}ace motion, on the other hand, by
necessity leads to an epitaxial phase. - Known examples relatiné to oxides
are summarized in Table 9.1.

We were able to establish that bombardment—induced amorphousness in
.SnOZ anneals to a polycrystalline phase showing the normal cassiterite
structure. We have in fact analyzed Fig. (8.4c) beth in terms of caleul-

ating the d-spacings corresponding to the diffraction rings, and also,

which is probably a mor® reliable means, comparing by eye these micro-



TABLE 9.1

The intermediate'apd stable phase

in the crystallization of amorphous oxides

183

Prodﬁct of homogeneous

Stable crystal

Oxide crystallization. form Reference
A1203 Y_AIZOS {cubic) corundun (a;AlZOB) a
Bi‘203 6-31203 {(cubic) a—BiZOB(monocligéc) 2,8,9
GeOi hexagonal , tetragonal 10
HfO2 cubic monoclinic 11
Nb205 low temperature form a-NbZOS(monoclinic) 12 l
SiO2 a-cristobalite(tetragonal) a—guartz(hexagonal) A 3
Ta205 . low temperature form orthorhcmbic 13 )
TiOz. probably anatase rutile 1
W03 orthorhombiec monoclinic

ZrO2 cubic monoclinic 11,14




‘graphs to a standard reflectionleiectron diffraction pattern of poly-

crystalliné Sn02: (The visual cbmparison-is to ke prefertéd in'thai

t’

it takes intensities better into account. ) We have thus convinced our—.;

selves ‘that the structure shown in Fig. (8. Ac) is ‘edeed normal cassi-

- \
N
N,

N,
N

terite. . . BN

In conclusion, crystallization by homogeneous transformation is
a necessary but not sufficient condition for a material to crystallize

to a phase, diffgrent from the original. Nevertheless;qﬁost.amorphous

I

oxides do yield a different phase, with SnO2 befng exceptional in not

doing so. O(me can speculate that this result is due to the structure

of amorphous SnO2 being "cassiterite'-1like just as the structure of

A
different kinds of-carbon are described variously as.graphite-like or
diamond-like (15). Similar comments have been made of amorphous Zrozf
(14).

5.2 High-temperature process

Considering now the high-temperature marker-release, we have
proved by electron mlcroscopy that.it is related to epitaxial recrys-
tallization. .In the case of cassiterite this involved the evolution of
our SnO2 sample from a polycrystaliine to a single—crystal sfructure.
With pellets, the sequence would probably have been amorphoqufinely
polycrystallinercoarsely polycrystalline, tﬁough the necessary experi-
ments were not done.

This does not, however, establish the release process as being
caused by epitaxial grain growth REE.&E- The temperature range in
question (1170-1200 K) could in principle be thaé for normal volume

diffusion, with the marker-release and the grain growth being results
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" .and not causes. The éxpefimental ATII?IT values are therefore of

prime importance, as they are found to be distinctly smaller thdn what
would be expected for normal volume diffusion. In fact, they agree well
" with interface motion (Tabie 8.III). From this we conclude thgt the'
high—teﬁﬁfrature'process is both related.to and caused by the.epitaxial

recrystallization. ' , s

Other.- materials showing well-defined epitaxial recrystallization

as a Becond step after crystallization include 51203, SiO2 and 'IiO2 as

already discussed in the preceding gection. A.1203 also shows epitaxial

grain but not as a well-defined process (1). In addition, Cr (16) and

-MgO (1) possibly belong to this group, as can be inferred from the exis-
tence of intermediate-temg;ratdrd‘marker—release prouegses as mgrked by
arrows in Fig. 9.1l Ge does not belong to this group. Although Krikorian
and Sneed (17) did indeed find a wdll—defined polycrystalline-crystalline
transition in the annealing of amorphous Ge, this result applied'to_a

thin film which has no crystalline substrate. An amgrphcus sufface layer
on Ge crystallizes epitaxially in ome step (18).

We wodld point out that in the case of bombardment-induced amor-
phization in A1203 and 31203, marker-ielease spectroscepy of -the thermally
annealed samples (1,2) records the whole evolution (amoxrphous-polycrystal-
line-epitaxial) by one release process only. Thesgse are therefore examples
where one technique is not sufficient to unravel all the details. The
reason for the single release peak is probably that release went te such
a degree of completion that no warker remained to signal the epitaxial
recrystallization. Two procgsses'are, however, resolved (or assumed to

be resolved} with Cr,0

404+ Mg, S10

2t Snoz\and Tioz.
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. dF/7dt —>

0 200 400 600 600 1000 1200
T (°C} —

Fig. 9.1. dF/dt vs. T curves for.
Crzo3 and MgO which have been ionj
bombardment labeled with 10 keV Kr.
The doses are given in units of

u Anﬂn‘/cmz, written "y Am”, The

percentage refers to the amount of
gas remaining at the highest temp—

erature reached (from Ref. 16).
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&iﬁmhbmhﬁﬁﬁq%'
We have seen that in ue;téin instancéshmark;r-rEIeaée spectramétry

reveals one peak for an. amorphous-po crystalline transition (Stage-IB)

and one for a polycrystalline-epitaxzih transition.

The question is now how these two releasé processes a;e_to be

designéted with the formalisg‘of7marker—releaée specttometry (19,20).

The current practice is that diffusion in inert-gas implanted solids is
— . .

‘described in terms of five basic processes or stages of increasing temper-’

ature (Section 6.3). Specifically, if the low-temperature release Vitﬁ
SnOé 1s identified with Stage IB, then to which of the remiiiing three

stages (IIA, IIB and 11I) can the release due to epitaxial recrystal-

" lization be attributed? Let us consider MgO,.quartz, Cr 03, SnOZ’;nd

2
102, bearing in mind that, as already safd; in all these cases recovery

from the amorphous (or cherwisg_disordefed) fd‘the originai crfStalline
phase occuis through an intermediate stage where the materiallis not /
epitaxial and where gas-release spectroscopy clearly resclves the tuo
transitions‘in question.. .
With Mg0 the temperature required for markér-reLease due to the
assumed epitaxial crystallization was 780°—§65°C (l,iﬁ), while the tem—
perature for Stage IIA was 21175°C (16)(Table 9.II). Similar comments
hold for Cr203, TiO and SiO (Table 9.11), in tﬁe sense that the stage
for known or assumed crystallization lies between the stage for crystal-
lization of amorphicity (Stage IB) and that for normal diffusion
(Stage 1IA).
Another basic feature is that epitaxial crystallization does not

involve random diffuéion, like Stage ITA and IIB, but rather motion which
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is directional. Directionality is a coﬁhon_feeture also to Stage IA |
and IB. B | i‘ | . ) ‘ N _ . s.
These two features suggest :hat very simply, the spirit of the
' system of gas-release stages ig preserved by designating epitaxial crye- -

tallization as Stage IC. : /

9.4 Dissolutian.and F-vs~dose data

Dissolution ;hd F-vi—dose experiments such as are described in
\
Section 8.3 are valuable in determining the depth of alteration induced

by ion-bombardment. From Figs. 8.5 and 8.6, rapid disSoiution stops,

v

for the highest dose, ile about 18—252 of the original activity remains.
The . corresponding depths, as deduced from Fig. 6.8, are abouigii? -140 &.

The thicknesses of the amorphized layer as a function of bombardment dose
N
are Bummarized-in Table 9.III.

Table 9.Iv.serves to compare, SnO2 with the other systems for whigh

!

extensive information is evailable namely sz 59 Si, and WOB.

/

9.5 Electrical conductivity measurements

The conclusion from what we have shown in Section 8.4 is that Sno2
shows high values of the resistance both before and after Kr-bombardment.
This implies that the origipal stoichiometry was retained (Section 3.3).
It had peen assumed (and even hoped) that Squ would resemble
materials such as Cu0, Fe203, ‘ 03, szos, Tt 02, UJOB’ VZOS' H03 (Section
1.2.7). It does not, however, due to the tendency of this oxide to
resist oxygen removal, buturpe result turns out to be consistent both

with a model of preferential sputtering and with one of thermal.spike

induced vaporization (Sectianﬂ6.2.3)7

( o
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TABLE 9.11T -

Thicknesses of amorphized layer as a

 function of bombardment dose

¢ '

Activity retained *  Thickness (X)

Dose (ibné/cm?) (from Figs. 8.5 and 8.6) (from Fig. 6.8) (*)
1.6 'x 10%% .84 ' 58
6.6 x 10 o .55 : 96
1.7 x 1050 o .66 . g3
2.0 x 10°° | .41 ' 111
34x10® . .59 ._ 92"
5.0 x 101 - N - 102
5.0 x 10%° S .31 | 121
6.7 x 10%° J .46 - 104
8.2 x 1017 .41 11
9.7 x 10%° .32 ‘ 119
2.1 x 101° 25 131
2.5 x 1016 ' . .26 ' 128
'5.0 x 1016 .18 141

(*) Thicknesses so obtained are in principle as reliable ag LSS range
parameters, namely +20%. ‘



- 191
+
W _\\‘
\_,_-“ ;
- | -
TABLE 9.1V
Thickness aéiamorphized layer
N in various substances
Substance Ion and Enefgy Dose fhicknqss Ref.
{ions/cm™) amorphized (&)
: ' 15
SnOz' Kr; 35-keV 3.4 x 10 92 . present
‘ “®york
L iae 15
szos Kr; 35~keV 4 x 10 270 21
15
51 Kr; 35-kev 3.8 x 10 450% 22
' 15 :
WO3 Kr; 35~keV 3.5 x 10 390 23

* obtained by interpolation from data for 2~, 10-, and 40-keV (ref. 22)
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. The failure of SnO2 to lose oxygen under 1on—bomba;dment'5hows,

fg;moreover, t?atlit is not correct to use Ehe'Fesultszé experiments
invﬁlving'oxygen bombardment of metals (cfr. Chapfer 4 and in particular
‘Section 4.4) to predict the bombardment of oxides. Oxygen bombardment
of a metal is gbverneé by completely diffefenf principles fr6m oxygén
loss for an o;ide. In'pqrticﬁ;ar, we must not argue that the two ex-
périmenfs constitute a Lombardmént analog to approaching an equilibrium

state from two directions. L

9;6‘ Qther observations

The temperature.592 K for the first release proceés; 1ﬁ the cése
of'marker-release'spectrémetr?lin the mineral cassiterite, is somewhat
Jower than those obtained when SnO2 pellets are used{ﬁ700-747 K) (Table
8.1). - We regard this tentatively as an example of impurity effect (cfr.
Table 2 of Réf. 14). ' -

A further discrepancy is between the crystallization temperature
for bombardment-induced amorphousness in Sn0,, (592, 700, 747 K) and
those for un;upportéd SnO2 thin films (750, 825 K) (Section 2.3.2).
Similar discrepancies occurred also with MoO

3’
4
amd'5102(3,25), as summarized in part om p. 58. We regard this as an

Te0,, V,0.(2), §13N4(24),

example of a nucleation effect.
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CHAPTER 10 .

SUGGESTIONS FOR FUTURE WORK AND SUMMARY

1

.

10.1 Supgestions for future work

10.1.1 A possible thickness effect — Fig. 10.1 shows RED micrographs

of SnO2 films deposited by reactive sputteriﬁé on Ta substrates.. It can
be noticed "that diffraction patterns of films whose thicgness was esti-
mated to he 3600 & or higher, sh;w well defined rings vather than hales.,
Thus fil$5_appear to change spontaneously from an amorphous to'a crystal-
line state with increasing thickness. A systematic investigation could
be undertaken to probe deeper into this phenomenon. Precedents can be
found in work by Krikorian and Sneed (1) on sputtered films of Ge,
\Behrﬁdt (2) on Bi1, Ga, Fe and V, Pilercy (3) on anodic WOx, and Arora (&)

on anodic VO , WO_, MoO , NbO , and TaO .
X X X X X

10.1.2 Thickness-vs-anodizing voltage - As already noticed in Section

3.3.3 anodized films are thicker for a voltage in the vicinity of 8—15
than for higher valves (Table 3.I). We have no explanation at all for
this result, though consider it to justify fu;ure work for its clarifica-
tion. We would in‘particular recall that the present w;rk constitutes
the first instance in which thick protective oxide films were growh on Sn
by anodizing.

10.1.3 Preparation of SnO2 by oxygen-bombardment of metallic tin - As

already mentioned in Section 4.3, we would predict thaf, due to 5 (sput-

‘ tering coefficient) decreasing, Sn0O rather than Sn0, would be formed at

2,

1

very low (E << 35-keV) or at very high (E >> 35-keV) 0; energles.

195
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Hhré one able to obtain SnO2 in this way, the possibility would
exist to form films with all ppssibie thicknesses from zero to the range
of thicﬁnesses.represented by anodic films. The latter cannot be obtained

(see Chapter 3) with thicknesses less than %3000 .

10.1.4 Formation of oxygen-bubbles in O -implanted metallic tin - Looking
at Fig. 10.2, which is the transmission electron micrograph of a-metallic

tin film implanted with oxygen, it will be noticed that black spots appear

on a uniform background. This feature always appeared in transmission

electron micrographs of oxygen-implanted samples, as distinguished from |

o

unbombarded samples (cfr. Fig. 4.1(a)). Noticing that bubbles are detqptéd

in electron microscaope studies as‘having‘the appearance either of white or
-~

black dots (see, e.g., Ref. 5),'the possibility was considered that oxygen

bubbles had formed. Consider the gas law:

PV = nRT

If p = 2y/r, vy = surface tension, N = number of atoms, L = Avogadro’s

number, then it can be rewritten as

3

Tr =

2y
r

[#5] =
=

RT

Assuming a surface tension Yy = 200 erg/cmz, and an average radius of

1000 X for the black spots in Fig. 10.2, one obtains

N=4x 106 atoms/black dot

.

Multiplying the oxygen dose used (3 x lOl5 ions/cmz) by the average area
of a black dot, ome obtains 2 x 105 ions/black dot. Clearly, the black

dots are not bubbles. Presumably the formation of SnQ (Section 4.2.2)
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Fig. 10.2. Sn film on carbon coated grid--

.

Bombarded with oxygen:.

3 x 10%° ioms/cm? - 35 kev

mag. 53,000 -~ 100 keV
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during d; bombardment hinders the possibility of the simultaneous exis-

! .
tence of oxygen bubbles.

To decide about the real origin of such features, one should

undertake a guantitative electron optical investigation, inclusive of

.

;

dark field, underfocus and overfocus imaging, as well as heat treatment

of the specimen. The reason for the 'latter is that in many cases bubbles

‘migrate at a temperature which, though above the self-diffusion tempera-

ture, is below the melting point; that is, there is a possibility of

- - 3 ) .
" bubbles being made to move and therefore identified as bubbles, by pulse

heating or by using the heating stage.

A

10.1.5 Stage TIA znd meiting point - Release due to a true (Stage IIA)

diffusion of the implahted inettfgas ions in the undamaged lattice of the

host crystal will diminish in relative importance as the dose increases

due to the onset of processes caused by the radiation damage. It is
therefore possible that th§ reason our release spectra do not record
Stage IIA somewhere in the region >1200 K is that we have been using too
high a-dose.

The identification of Stage IIA would have enabled one to estimate

even if crudely, the melfing temperature for Sn02. In fact, Matzke (6),

has found that an empirical relation exists between Stage IIA release

temperatures and melting points. This relation is obtained from data for

a great number of different materials, namely halides, oxides and metals:

Triarozy = 94703 Togqring

"

+
We would point out that the melting point for SnO2 is variously reported

to lie between 1400 and 2200 K. One of the low values, namely 1673 K, has
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wof ot ) : : } /

. ) o : '
been_checked by Sinclair et al. (7) and is certainly wrong. What probably
happeﬁs is that when SnO2 is heated in vacuum the relevant process is
Sn02'+ Sn0 + % 02 and what has actually been observed is the melting
(1353 K) of tin monoxide. The higher values are probably wromg too, for
they cbrreléte better with the sublimation temperature (2073-2173 K).

: ~ 1 . S
We anticipate the melting temperature o_f.SnO2 may be in the vicinity

of 3000 K, corresponding to Stage IIA occurring at >1200 K.

- 10.2 Summary

1 o
(a) A thorough review of the literature has shown that many dif-
ferent approaches have been attempted, with varying degrees'of success, in

order to prepare Sn0O films.

2
Films have been formed (i) by chemical vapour deppsicioﬁ, (ii) by
reactive evaporation of Sm, (iii) by sputtering, and (iv) by gas oxidation
of metallic tin.(which has produced contradicting results). Cdncérning
the possibility of obtaining Su02 films by anodizing Sn at high voltages,
work with both acidic and basic electrolytes has invariably igvolved Llow

voltages (<5) and never values (>>5) characteristic of the growth of thick,

uiform films.

There has been an enormous amount of electronic and optical charac-
terization in previous work. This is attributable to the fact that SnO2
is a high potentiality material for device fabrication, due to its unique

property of combining, when oxygen deficient, electrical conductivity with
a high degree of transparency to visible light.

As far as structural characterization is concerned, knowledge is

’

largely confined, until now, to two results: chemically deposited layers

1

are invariably crystalline, while evaporated or reactively sputtered layers
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o
are ﬁormally,,though nog always, amorphous. Such-basic coﬁcepts és whether
the films are amorphous or crystalline, a%d, if the former, the value 6f
the crystallizétion temperature, have nogEbeenbso.far.settled in a saﬁis-
factory way, the crystallizéti&n temﬁerature, for example, being given és
a limit, e.g. >280°C, <400°C, <500°C;. Non-existent is also any fnformation
about'cfystallization mode, the crystallization product, and the,grain size
of erystallization product. |
| We regard structural charac;erization to be as important as other
proﬁertieg if SnO2 is‘to find use in device.fabrication, in view of the
fact that, for example, both the magnitude of conductivity, as well as its

temperature stability, are effected by crystallinity. (efr. V.0, and VO

273 2’

as shown in Fig.'l.l.) -

As far as ion-impact effects are concefned, there is no published
study at all in which anz,is considered explicirtly.

On the basis of tﬁese considerations, we have defined an area of
lack of knowledge, a spacé in whiéh to operate by means of our choice of
techniques, experimental apparatus, materials preparation and treatment,
materials analysis.

:

(b) The first experiments involved the preparatiom of SnO2 films

by reactive as well as ion-beam sputtering. While the prepsration of énoz
films by these techniques has a iong precedent in the literature, at least
from the point of view of preparation as an end in itself, "our work gives
explicit information on the crystallization temperéture. The latter
depends strongly on the nucleation conditions as governed by the sﬁbstrate,

varying from <200°C for crystalline Sn0, substrates, to 250°-300°C for

KCi substrates, to 400°-450°C for Ta substrates, to 475°-550°C for unsup-
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ported films. We would propose that 475°-550°C 1is the upper limit to the
'crystallization temperature (for a 1000 X thick amorphous film and an an- -

nealing time of 6 min; which are typical values, to within a factor of 2)

While the crystallizaticm Process occurred hcmogeneously, a con-
sistent result in this rork has been that amorphous Sn02, formed by either
reactive or ion-beam sphttering, crystallized to cassiterite. 'LikewiSe”
SnO2 films formed anodically (see {c)) wg;e'cassiteritg ;s formed, We
the;efore ten;ative%y suggest that énoz lécks metastable or high tempera-

ture phases.

Once crystallization was attained, the grain size remained in the
vicinity of 400 & to temperatures as highlas 1000°C, in the case of unsup-
portéd films, while a grain size of 600 £ is reached after heating supported
films to 550°-600°C. The différénce in crystallization temperature between
supported énd uﬁsuppofted films suggests that nucleation rgﬁhef than growth

is the rate-controlling step in the crystallization of SnO Similarly,

2°
the difference in grain size obtained in annealing experiments suggests
that nucleation, while perhaps not fully rate-controlling, at ieast plays
a role in grain growth.

The thickness (d) of the reactively sputtered films was estimated
by noting the interference colours when using a Ta substrate and assuming

the validity of the relation n where n is the index

d = d
500, “sno,, nT3205 Ta,0,

of refraction.’

(c) While SnO2 is frequgntly prepared by sputtéring, thére is as
farlas we know no precedent for films being formed by high-voltage anodizing.
We have found it possible (apparently for the first time) to anodize Sn up

to 65 V and the growing films showed 6 orders of interference colours. The

present work makes it clear thart, though the process is far from being per-
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fect; high vqlﬁage film grcéth can be achieved with Sn. Anodic SnO_2 was

“found to be crystalline as formed, which was an unexpected result in view

of the fact that anodic films are alepst invariably amorphous.

The thicknesses of the anodic films were estimated, among other

ways, by sputtering the films with 20-keV Kr ions until the metal was -

exposed and noting the weight loss. This confirmed the thicknesses to be

nearly independent of voltagé between 6 and 50 V; which is what was antici-
pated on the groundsrthat tpé interference colours changed only slightly
with voltage. The anodization of Sn has a rather low efficiency (4-21%)
and ‘this could be shown to be &ue to electronic cbnduction rather than
dissolution.

Efforts to characterize the anodic filmsAstructurally havé led go

further information on grain growth of Sn0 Specifically the films

9°
retained their microcrystalliﬁe structure in heat treatment, until a
temperature of about 1000°C was reached, this being in good agreement with
the behaviour of sputtered films.

(d) A completely novel approach to forming SnO, films has here

2
been attempted, by bombarding metallic tin with oxygen ions. The nominal
objective failed in that the films turmed out to be crystalline a-5nO.
Still, this work has led us to indicate that SnO2 films can, in principle,
be formed by oxygen—-implantation, thus providing a very contrellable

technique to form "very thin" thin films. The key is anticipated to lie

" in the cholce of the oxygen-ion energy, as dictated by considerations on

the sputtering coefficient for the system 02—Sn.

(e) Having so faf explored the properties of 500-5000 & SnO2

films as formed by reactive sputtering, ion-beam sputtering and high-
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vqltagé anodizing, we have at this point. undertaken to investigate, using

thin

-the result of tﬁis work as a gu{de, Kr-ion-impact effects with SnO2

films.

We have first of all made a survey of materials whose response to
f;ﬁ—impact is knovnﬂ Included are materials whiéh undérgo {1) a crysta%;iqp— '
_amorphous tfﬁﬁgiglon, (i1) an amorphous-crystalline transition, and (iii) a
stoichiometry change. We have also given the criteria which researchers
hafe worked out in order to predicc'the occurrence of the above trakéfor—
mations. While we have noticed the lack of any published result as far as
SnO2 is concerﬁed,:wé'have pointed out that, were a Bombardmeng-induced
amorphizatioq or change of stoichiometry to dccpr with Snoz, there would bé

. / T
significant technological implications. for device fabrication. Furthermore,

-

we want to point out that bombarding a material with inert-gas ions in the

Al

keV range is both a way to dope a matérial with what is one of the pfimary

causes for swelling of fuel materials for nuclear reactors, as well as a

way to simulate neutron irradiation in the MeV range. In addition, these

N
experime&ts may be regarded as pointing the way to important effects, such
as, for example, preferential sputtering. The sputtering process will play
an obvious role with nuclear and thermonuclear materials due to their con-
tinuing exposure fo fission fragments, fast neutrons, or helium joms.
Preferential sputtering can alter the surface of bimary alloys, with pos-
sible consequences such that external surfaces may in general have unexpected

corrosion, electrical or transport properties.

(f) Our first experimental finding has been that SnQ., shows an un-

2
usually high value of the sputtering coefficient. SnO2 in this respect
resembles MoOB, vzos, W03 and possibly SiOz, but, to the writer’s kndwledge,



no other:oxide: S was then measq;ed as a function of temperégure, fhe
result of these experimeﬁts being that it was even higher at eleQaEed'
temperatures. Taken together‘tﬁese expe¥iments suggest that SnO2 undexr-
éoes thermal sputtering, i;é._Sputte;ing in@olvfng"vapqrizatibn. “This
unusual behaviour is also shown to be predict#ble, when a genefal criterion

.

which takes the: vapour pressure into considtra*ion, is applied to SnO2

Pursuing the criterion further, it was .argued that both a model based on’
"vaporization due to thermal spikes" (governed‘;y vapour pressure) and one
based on‘fﬁreferential oxygen sputtering" (governed by the'surface binding‘
energy) predict that high-dose bombardment of SnO2 will leave Fhe stoichio-
metry unchanged, while the San sputters congruenily (as‘distinct from

preferential sputtering).

(g) The next step in exploring the response of SnO2 to ion-impact
was to investigate the stru;ture of the target material after bombardment.
The gxperime;:tal evidence was that Sn02 amorphizes under ion-impact, in
agreement with both a criterion based on a physical moael involving thermal
spikes and one of empiriéal nature based on ionicity.

(h) Given this prelimimary result, namely tﬂat crystalline Sn02
does indeed amorphize undér ion-impact, we started at this point to look in
more detall into this phenomenon.

Bulk samples (either sintered SnO2 powder or-natural cassiterite)
were lon-bombarded and then analyzed usihg the following techniques: (i)

- reflection electron diffraction, (ii) dissolution measurements, (iii)
resistivity measurements, and Eiv) marker-felease spectrometry.

(1) Monitoring, by electron diffraction, the amnnealing of

L)
bombardment~induced amorphousness at increasing values of the annealing
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'temperature, couldﬁéniyabe done uéing bulk samples, and.not anodized tin,

due, if not -to any othgr-reasbn, to the diffefence in melting temperature
between,SnOz_and the metallic Sn'sub;traqé. Sgch experiments'have estab- |
lished. that the annealing to the original single crystalline phase occurs
(1) by a homogeneous transformation rather than by interface motion
("heterogeneous” transformatlon in the termlnology of Mader). Moreover, it
goes (ii) through an intermediate polycrystalline phase showing the normal

cassiterite structure. Though most'spbstances show crystallization by
interface motion and by necessity,therefofe ret&rn ‘to the original struc-—
ture, in a process where there is an evolutlon of the type amorphous—+
poiycrystalline+epitaxial, the intermediate phase could in prlnc1ple have

a different structure than the starting material. In fagt,most amorphous -
oxides do yield a different phase, with SnO2 being.an exception in not doing
s0. ‘

&) Dissolution measurements have been performed in order to estab-"
lish the depth of alterationm due to ion-bombardment. The first step in
obtaining so-called dissolution curves was to label specime;s with radio-
active K;SS. The specimens were then exposed to a suitable solvent and
the fraction of retained activity noted as a function of time. Providéd'
the depth distribution of the injected ions can be estim%}ed, the fgaction
of retained activity enables one to deduce the thickness of the layer re—
moved. Results for SnO2 have been compared with other systems for which
information is available. It turned ocut that the thickness of the amor-
phized layer islrather smaller in the case of Sn02. Namely, SnO2 shows

high "resistance" to amorphization.

We have also carried out experiments in which dissolution and

Wt U T %
- PEEEACLN AL - S Ol -‘J’;f‘,_\‘_ SR
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thérmal annealing were compaEed. Thermal aﬁnealing and dissolution
-resulted to be equivalent (when annealing is carried on up to at least
21100° C) in that the activity retained after dissolution is similar to
that-retained after thermal annealing. This equivalenge, though, does
not hold for lower annéaling temperatures. In other experiments, dis-
) . .

solution and annealing were combined. Taken together the results of the
. above experimeﬁts are understandable if it is assumed that amorphoﬁé SnO2
is fully soluble in HF, polycrystalliﬁe SnOz‘is partly soluble, and single~
crystﬁl Sqo2 is.nbt soluble at all.

(k) Oxygen loss normally causes the conductiQity of an oxide to
increase, at times by many orders of magnitude. If oxygen loss were to

- accur. with Squ, the result would have been of fundamental importance in.
device f;brication, owing to i;s conductivity varying, apparently, as much
as 5 orders of magnitude due to stbichiometry changes.

‘Again, bulk material had to be used in order Lo carry out con-
ductivity measurements. ‘(Anodic films could not be used due to the metal-
lic nature of the substrate.)

Tge conclusion from the expefiments was that SnO2 shows high values
of resistance both before and after high-dose Kr-bombardment. This implies
that the original stoichiometry was retained. The result is consistent

“both with a model of preferential sputtering and with one of ihermal—spike
induced vaporization and its implication is that SnO2 insulators or resis-
tors should be particularly suited to be used in a radiocactive ervironment
(as-distinct, gop exémplé, from devices based on TiOz).

(1) Marker-release spectrometry was finally used. The basic idea

behind this technique is to label the specimen with a radioactive inert-
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gas and then determine, with a linear temperature increase, the tempera-
tures for the release of the gas, the gas servihg as an.inert marker which
slgnals phase changes, stoichiom%try changes, defect annealing; or dif-
fusion. Once ﬁore bulk SnO2 had to be used, rather than anodized SnOz,
owing to the latter lying on a substrate (metallic tin) which has an
unsuitable melting behaviour. 'Two reproducible releaée processes, at
definite temperatures, were in this way promptly identifiéd. Electron
diffractiog investigation of the specimen at these temperatures revealed

the two release processes to be due to an amorphous:éryétalline and a
crystalline-epitaxial phase transformation, while the release spectrum,
provided a simple yet accurate means for locating the temperatures at

which these processes occurred. .

The present results allow u; to expand the formalism on which
marker-release spectrometry is based. Three characteristic release pro-
cesses had been so far identified when a material implanted with a radio-
active inert-gas is thermally treatéd: release due to recovery of
bombardment-induced disorder, release due to self—diffusion\and release
due to bubble motion. We have-identified a-somewhat different release
process, namely ome due to epitaxial crystallization. This process has
been clearly identified in the case of Snoz, while a search of the liter-
ature has shown that precedenﬁs for such a phermenon could be found with
MgO, Cr203, 5102 and TiOz. We have then pointed out that the known or sus-—
pected examples always lie above the temperature of Stage IB (crystallization)
yet below'the temperature of Stage IIA {unhindered diffusion). Also they

share in common with Stages IA and IB motion which is directional rather

than random. We therefore propose the designation "Stage IC" for epitaxial

«©

-
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crystalliza;ibéif—
A'Qé;per knowledge-qf the marker-release techniqﬁe will be waluable

in better understanding the diffusion behavioﬁr of inert-gas atoms in # |
host 1a£tice, which, as already mentioned, is of primaéy importance, f?r
example, in understandiag, and éventually solving, the problem of

swelling' in fuel materials used ia nuclear reactors. BESidés, marker-
release can be ‘used as an important supplement to electron optics as an
indicator of lattice disorder due to low eneréy ions. Or it-can be used,
again as a supplement to electron optics, to infer the presence of bubbles
in a material, especially when the material 1s pnot in a foym (thin film)
suitable for electron optics. Finally, it yieids valuablévinsight into

self-diffusion and melting behaviour.
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TABLE 8,111

- x - .
- Activity retained after dissolution of $n0, "sxiﬁ:ples.
(pellets and natural cassiterite) has gone to complcticm‘

 Dose (ior';s/cmz) o . - \' Fractional act%vity retained (1-F)
1.6 % 101 (nat, cass.) o 8%

6.6 x 10™ (nat. cass.) - . .55

1.7 x 107 (pellet) | . 65T

2.6 x 10]’5 (nat.- cass.) o 2 " LS

3.4 x 105 (pellet) | L .59

5.0 x 10%° (pellet) . g T L
-_'5.0 x-101° (nat.. cass.) co o | .31
6.7 x 10 (ettery - . | 45

8.2 x 107 (pellet) o . .41

9.7 x 10%° (pellet) : R _ .32

2.1 x'1016‘(pg11e:) - \ .25

2.5 x 1016 "(na__t. cass.) ‘ . ' .26

5.0":5 1016"(‘nat'. cass.) : | ' R - .18




o E S S & A

3 \\\*“\xa\\_' ; - "TABLE 8.1V S ¢
Activity retained after heating to T 2 1100°C
o (heat:[ng rate 25 L/min) . - ._ )
_ L - L ‘ -~ .

" Dospe (ions/cmz) Activity retainqzd" (1~-F) 'Maximm :empeffs/;hre (°0)
1.6 x 1 14\(nat. cass.)‘ 77 . 1,109 (oxyng.flow)
4.7 x 10™ (pellet) ©..53 " 1,117 (helium flow)
4.7 x la'kpellet} . .66 'n1,100 (helfum £low)
37 x 10?‘_(pe11ec) ‘ .82 | 21,100 (oxygen flow)'
4.7 x 1014 (nat. ‘cass.) .35 , 1,123 (oxygen flow)
. 8.3 x 10 (pellery . .8 T 1,100 (oxygen £low)
9.4 x 10M (pellet) .59 . « 1,117 (helium £low)
9.4 x 10Y (pellet) - . - .56 ‘. +A1,100 (helium £low)
1.9 x 107 (pelier) 46 . 1,100 (helivm flow)
1.9 x 10“"5 ‘(pellet) o .61 . 4:3.,100 {oxygen flow)
1.9 x 10°° (nat. cass.) . - .29 1,104 (oxygen £low)
. 1.9 x 10° (nat. cass.) - .33 1,116 (oxygen flow)
2.8 x 107 (pellet) .43 1,190 (oxygen f£low)
2.8 x 1077 (pellet) ~ - - ..s4 " 1,190 (oxygen flow)
4.6 x 1017 (peller) .48 +1,100 (oxygen flow)
4.6 x 10 (pelier) .53 : 1,117 (oxygen flow)
! 4.6 x 10™ (pellet) ‘ .58 1,109 (oxygen flow)
5.4 x 107 (pellet) - .26 - 1,244 (helium flow)
5.4 x 107 (pellet) . .31 . 1,230 (Welium £low)
6.0 x 107 (pellet) - .48 1,210 (oxygen flow)

6.0 x 102> (peller) ; .44 1,245 (oxygen flow)
7.0 x 10%° (pellet) ' .48 1,100 (oxygen flow)
7.0 x 107 (peller) 46 1,100 (oxygen flow)
7.0 x 107 (pellet) 49 1,100 (oxygen flow)
9:4 x 107 (peliet) T30 +1,200 (helivm floy)
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.TABLE 8.1V.(contisued)

g

172

- 9.4 x 1¢x

9.4 x 10%% (pelier)
1

2.1 x 1010 (pelier)

3 (nat. cass;) ;
8.4 x 1015 (nac. cass.)

42
.14

7
.39

1,135 (oxygen flow)
1,112 (oxygen flow)
1,100 (oxygen flow)
1,156 (oxygen flow)



TABLE 8.V - ST -

‘ Activity retained after heating to T < 1;0q{r; .3

(heating rate 25 K/min)

8.2

. Dose (ions]cmz) T .Activity retainéd (1-F) Maximum cemperatufe (’d)
. ] . [
x 1014 (pellet) .96 . - . 768 (oxygen flow)

4.7 x 10 (peltery - S-S E 7 666 (helium £low)
9.4 x 1014.(pe11et) . ' .85 - 666 (helium flow) .
1.5 x 107 (peller) . - .92 RN 745 (helium flow)
1.9 x 10%° (pellet) .69, o 704 (helium £low)

© 2.5 x 10%° (peilet) .86 " 768 (oxygen £low)
4.9 x 107 (pellet) o s © 745. (helium flow)-
5.0 x 107 (pellet) ° . .86 - . 768 (oxygen flow) -
8.3 x 10%° (pellet) .9 768 (oxygen flow)
9.4 x 107> (peliet) .68 . 666 (helium ‘flow)
9.7 x 1077 (pellet) .60 _ 745 (helium £low)
9.7 x 107 (pellet) .57 . 745 (helium flow)
9.7 x 107 (peller) _ .66 - ) 745 (helium £low)
9.7 x 107 (peller) . .51 745 (helium flow)
9.7 x 107 (pellet) : .84 ' © 745 (atr)
1.2 x 1016 {pellet) _ 93 . : 768 (oxjgeg flow)
1:7 x 1010 (pellet) ‘ 73 - 768 (oxygen flow)
1.7 x 10%° "

{pellet) +55 . 745 (helium flow)

4l
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71&. 8. 7: We have seen that the lcw temperature release, cdrresponding to’
the emorphoue-polycrystalline transitiop (Fig._B kc and 8.1-8, 3),.maximizes
at 600—750 K (Table 8. I) Likeise the high-temperature release, corres- -

pondin to the polycrystalline-single crystal transition in the case of
i3

r;cassiterite (Fig. 8.4d and 8. 1-8;3), maximizes at 1170-1290 K (Table’ 8 I)

Curve 1 of Fig. 8.7, :herefore, confirms the obeervation mentioned above

that the total releaee due to boch crystallization and recrystallizatien

-

. ‘
is equivalenc, as far as the amount of activity retained in the sample is

concerned, to a cﬁemical process in which the disordered99urface layers-

" of the sample are dissolved aﬁay. Curve 2 shows that the amount of

activity retained 1f the sample is heated in He through, but not. beyond Y

the first release process, is rather greater than otherwise. Moreover,

it can be seen from curve 3'thab the fractional activity retaiped iefstill

:higher if the annealing atmosphere is oxy%en. This in agreement with the

2 . .
already noted fact (cfr. Section 8.1) that the first process is less

pronounced when marker-release in an O,-atmosphere is used.

1

The‘idencificatrpn;of the dissolution curve with the annealing

curve is particularly important. It is an indication that all marker

*

atoms imbedded {n the amorphized layers, and finally removed by dissolution,

‘are driven out during the overall cryerallization and recrystallizatioﬁ

T

process..

In other éxperiments, dissolution and annealing were combined.
Hhen.diesolution experiments were performed on samples a;nealed at a h?gh
temperaturel(al350 K, which is past the high-temperature release process)

the result was that no further dissoiution took place, namely the retained

activity remained as shown in curve 1 of Fig. 8.7. This is expected.
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When-dissolution efpefiﬁgnts Qefé'pérformed on samples annealed at
-+1030 X (i e a temperature which is above the first‘release proceas,
but below the Becond), the result was that there was still dissolution
taking place (Table 8 VI), though the total amount of activity retained
after combined annealing (+1030 K) and dissolution was higher than that -

shown in curve 1 of ?13. 8.7 (Table 8. VII) /

Taken :ogether these results are understandable 1f 1t is assumed

that the rate of dissolution in HF is higher for amorphous_SnOz‘:han for
' pciyérystalline‘or siﬁglg ctystallSnO2 ;esPectigely: |

| An alternative view is that some #morphoua-magerial is still .
:presentkin thé polycrystalline layer. ?erhaps the éfystalliﬁe material
can be thought of as being "in suspension in an amorphous solvent . The
existencg\zf amorphous material between the grains is more 11kely in a
homoggneous transformqtioﬁ (Sectioh 5.3), as the amorphous-polycrystalline

‘ . - Nt
transition in Sn02, than when the transf tion is by interface motion.

. 8.4 Electtical ¢onductivity measurements

[

negered 1n'air) and natural

casditerite (annealed in air), while the DC currents were 10-2, 10-3 and

10-4 amp, In spiﬁe of the decreasing values of the current ysed, the DC

The speifmens used were“SnO2 pellets

current source* alwayq.showéd the:"voltage compliance limit" to be func-

“tioning, indicating that thé load conductivity was less than 10"4/100 =
107 omm™l.

Samples were subsequently bombarded with Kr at 20 keV using

17

fluences between 9.4 x 1015 ions/cm2 and 3.2 x 10 ions/cm2 and fluxés

s 7 xlA/cmz. Again 1/V resulted to'be < 10-6 ohm-l. Then the conductivity

* Model 225 Keithley




TABLE 8.VI

177

-Reledsed fractional acrivity after

.. annealing (1030 K). and suﬁgequént dissblutidn

¥ due to annealing to T = 1030 K |

F due to: annealing to T = 1030 K

~ Dose 2 Oz—atmgsphefe He—-atmosphere - 4 dissolution
. (done/em™) . . goz-atmosphere He-atmosphere
. 8.2 x 10% .04 24

2.5 x 107 .14 .28
5 x 167 .15 .36
8.3 x.10%° . .09 .19
9.7 x 107 2 .30
1.2 x 1016 07 .21
1.7 x 10%6 .27 .48
1.5 x 10™° .08 .15
4.9 x 10%° .15 .19
9.7 x 10%° .34 .38
9.7 % 10 .40 .55
9.7 x 10%° .43 ' .53
9.7 x 107 .49 .50
1.7 x 108 .45 . .67

/
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4 “
TABLE - 8'.VI_I ’
Retained fractional activity after annealing to T 3 1350 K
and after combined anneali}lg (~1030 K) and disao'lﬁr.ion
3 1~-F, as from curve 1 1-7, as from samples annealed at A1030 K
Doge 9 " -of Fig. 8.7 ' and then dissolved; annealing atmosphere:
(Lons/cm™) . . 02 ' He ’
8.2 x 104 .66 . .86
1.5 x 101° .59 : o ' .85
2.5 % 101° 53 < .72
4.9 x 161 46 _ | .81
5 x 10 | 45 .64
8.3 x 100 .40 .81
9.7 x 1053 .38 - .70 .62, .45, .47, .50
1.2'x 1076 .35 - .79
1.7 x 10%8 a1 52 .33
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L]
L

was measured after Kr—bombardment,.but this time while the Sno2 éample

(peilet) was still in the accclerator chamber, i.e. unger vacium., The * -

Kr ion énergy was 35 keV, fluences were 1.4 x 1017 to 1.2 x 1018 ions/cmz,

-
»

and fluxes were Q'8LlA/Cﬂ2-' Again no conductivity change occurred. -
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" CHAPTER 9

.o

DISCUSSION

»

. x
’

9.1 Low-temperature ﬁrécesa L ' : . _ .
As we have already pointed out, the low-temperhturé marker-

release ia more prominent in the case of He-flow. than 0 ~flow (Scction

8.1). Thus, it might at first sight be thought to be related to an

' annealing stage}associated with & partial reduction of the specimens .

<
which persists to a higher temperature due to the He atmosphere (1).

L]

Theé above point of view is supported (erroneously, of course)
by the experimental ATl/Z/Tﬁax valués FTable 8.11) suggesting the
release not_to be related to crystallization by interface motion. On
the other hand, the AT /T values ére fairly close to what is cal-

- , 1[2 max :
culated for normal volume diffusion (diffusion in a damage-free lattice).

Both the correlation of the low-temperature process with a He
carrier and the AT, ,./T values are evidently misleading. Thus the

1/2' "max

diffraction evidence 1s completely clear in.showing that the low-
temperature process 1s due to an amorphous-crystalline transition with
formation, not of a phase epitaxial with the original phase, but rather
of a polycrystalline phase. We are thus dealing with one of the few
known cases where the model of crystallization by interface motion used
to derive eqn. (6.7b} was incorrect, as the crystallization had occurred
homogeneously. The low-tempefature process can be correctly designated

ag Stage IB.

Another example is 31203 (2). Here the experimental AT

181 @

1/2/Tmax
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I3 - .. . ¢
for the low-temperature release does not match the calculated ATl/Z/Tmax -

for Stage 1B, and at the same time the diffractibn patternS'confirm the
. formation, not of the original single—crystal but of a. polycrystalline

phase-ofuuntypicgl crystal form. 5102 is intermediate. It;crystallizes

in one step by interface\motion aftEE“lbw—dose bOmbardmenCS and homo-

.l

t

.geneously (to- yield a-cristobalite) after high doses (3. A1203 and TiO2

.gresemble Sn02, 31203 and SiOZ,Py virtue of crystalliziug homogeneousIy

- (to what in the case of,TiQ2 is possibly anatasé) and of show;ng epl~
taxial recryBCallizacion only at higher temperature (1). lt is'ﬁgre
'usual, howeqe;, that a substance shows iﬁterface motion insofar as this

is possible: (2), SiO (low-dose bombardment)(B).

3’ 2’
¥(4), si (4,5), GaAs (6), GaP (7). The distinction betweeq\ghat is es-

.sentially interface_motion and homogeneous crystallization is discussed

further by Mader (8), as both processes'are founauaith the émorpho;s
alloys with which he works. (In facl, Mader uses the term "heterogeneous
erystallization” for what is equivalent to our "interface motion".)

ln a process'wﬁere there is anlevolution of the type amorphous-
polycrystallinerepitaxial, the intermediate phase could in principle

(

(though not by necessity) have a different structure than the starting
N .

material.  Crystallization by interface motion, on the other hand, by
necessity leads to an epitaxial phase. - Known examples relatiné to oxides
are summarized in Table 9.1.

We were able to establish that bombardment-induced amorphousness in
_Sn02 anneals to a polycrystalline phase showing the normal cassiterite
structure. We have in fact anmalyzed Fig. (8.4c) both in terms of calcul-

ating the d-spacings corresponding to the diffraction rings, and also,

which is probably a mort reliable means, comparing by eye these micro-



R TABLE 9.1

The intermediate'apd stable phase

in the crystallization of amorphous oxides

183

_ Proéuct of homogeneous Stable crystal \
Oxide crystallization. p form Reference
A1203 Y—Alzoé {cubic) corundum (a;A1203) 1
31203 5-51203 (cubic) u—BiZOB(monocligic) 2,8,9
. Ge0£ = hexagonal . ' tetragonal 10
Hf02 . cubic monoclinic 11
Nb205 low temperature form a—NbZOS(monoclinic) 12.
8102 a-cristobalite(tetragonal) a-guar:z(hexagonal) | 3
T3205 . low temperature form orthorheombic 13
TiOz. probably anatase ’ rutile 1
H03 orthorhombic ) - momnoclinic 9
Zr02 cubic monoclinic 11,14




‘graphs to a staﬁdatd_reflectian'eIectron diffraction pattern of poly-

crystalliné Snozf (The-v@suai comparison-is to ke preferféd in:ghaﬁ

T

it takes intensities better into account.)' We have thus convinced our- .
. . 4 : .

selves that the structure shown in Fig.f(B.Ac) is'iedeéd normal cassi-~

7

N

terite. . . T ' N\

' N
In conclusion, crystallization by homogeneous transformation 1is

a necessary but not sufficienf condition for a material to crystallizé
to a phaﬁé diffgrent from the original. Nevértheless;dﬁoét.amorphous
o;ides do yield a different phase, with-SnJO2 being exceptio;al in.not_
doing so. Q;e can speculate that this result is due to_the structure
of amorphogs SnO2 beingl"cagsiterite"—likéjust as tPeAstructure'of _
different kinds of-carbonr are de;cribed variousiy as.graphite-like or
diamoﬁd—like (15). Similar cbmments have been made of amorphous ZrO |

2
(4.

9.2 High-temperature process

Considering now the high-temperature marker-release, we have
proved by electron microscopy thatrit is related to epitaxial recrys-
tallization. .In the case of cassiterite this involved the evolution of
our SnO2 gsample from a polycrystalline to a single—crystal sfructure.
With pellets, the sequence would probably have been amorphousffinely
polycrystalline+coarsely polycrystalline, tﬁough the necessary experi-
ments were ncot done.

This does not, however, establish the release process as being
caused by epitaxial grain growth per se. The temperature fange in
question (1170-1200 K) could in principle be thaé for normal volume

diffusion, with the marker-release and the grain growth being results
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.and not causes. The eﬁpefimental ATll?/T values afe therefore of
prime importance as they are found to be distinctly smaller than what '
would be expected for normal volume diffusion. In fact, they agree well
"with interface motion (Tab%e 8.I11). From this we conclude that the
high-teﬁgﬁraturE'process is both related to and caused by the.epitaxial
recrystallization I : s

Other- materials showing well-defined epitaxial recryatallizaticn

-

as a second step after crystallization incluae 31203, SiO2 and TiO2 as

already discussed in the preceding egection. A.1203 also shows epitaxial

grain but not as a well-defined process (1). ,In addition, Cr203 (16) and

-+

- Mg0 (1) possibly belong to this group, as can be inferred from the exis;
tence of intermediate—temgeratdre‘marker~release prdse&ses as marked by
arrows in Fig. 9.1l Ge doeslnot belong to this group. Although Krikorian
and Sneed (17) did indeed find a well—defined polycrystalline-crystalline
transition in the annealing of amorphous Ge, this result appliea:to,a

thin film which has no crystalline substrate. An amgrphcus sufface layer
o Ge crystallizes epitaxially in one step (18).

We wodld point out'that in the case of bombardment-induced amor-
phization ;n A1203 and 31203, marker-release spectroscopy of -the thermally
amnealed samples (1,2) records the whole evolution (amorphous-polycrystal-
line-epitaxial) by omne release process only. These are therefore examples
where ome technique is not sufficient to unravel all the details. The
reason for the single release peak is probably that release went to such
a degree of completion that no marker remained to signal the epitaxial
recrystallization. Two processes-are, however, resolved {or assumed to

be resolved) with Cr, O Sn0., and T1i0

MgG, S10,, ) 2

2%3



, dF/dt —>

| 98%

o8uAm /.

1 p L

¢ 200 400 600 8OO 000 1200
T C)—

Fig. 9.1. dF/dt vs. T curves for.
Cr203 and MgO which have been ionj
bombardment labeled with 10 keV Kr.
The doses are given in units of

LsAmin/cmz, written "y Am'. The

percentage refers to the amount of
gas remaining at the highest temp—

erature reached (from Ref. 16).

186
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’

9.37 Marker-relecse.stages'
We have seen that in certcin instances"markcr-releaée Spectrcmcrry

reveals one peak for an. amorpnous-po crystalline transition (Stage IB)

and one for a polycrystalline—epitaszh transition.

The question 18 now how these two releasc processes are to be

designated with the formalism “of - marker—releaée spectrometry (19 20)

The current practice is chat diffusion in fnert-gas implanted solids is
-

“described in terms of five basic processes or stages of increasing temper-

ature (Section 6.3). Specifically, if the low-temperature release Vitﬁ
SnOz' is identified with Stage Iﬁ then to which of the recting three
stages (LIA, IIB and III) can the release due to epitaxial recrvstal—
lization be atiributed? Let us consider MpO, quartz, Cr 03, SnO2 and .
2, bearing mind that, as already said in all these cases recovery

from the amorphous {or otherwisc.disordered) to the origincl certalline
phase occuf; through an intermediate stage where the material.is not /
epitaxial and where gas-release spectroscopy clecrly resclves the two
transitions-in question.. .

With Mg0 the temperature required for markcr-release due to the
assumed epitaxial crystallization was 780°—§65°C (1,16), while the tem~
perature for Stage IIA was 21175°C (16)(Table 9.1I1). Similar comments
hold for Cr203, T:LO2 and SiO2 (Table 9.1I1), in tﬁe sense that the stage
for known or assumed crystallization lies between the stage for crystal-
lization of amorphicity (Stage IB) and that for normal diffusion
{Stage IIA). |

Another basic feature is that epitaxial crystallization does not

involve random diffusion, like Stage IIA and IIB, but rather motion which
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is directipnal. Directionality is a comﬁon_feeture also to Stage IA
and IB.

These two features suggest that, very simply, the spirit of the

1

' system of gas~re1ease stages is preserved by designating epitaxial crys-

tallization as Stage IC. : /

9.4 Diseolution'and F-vs~dose data

El

Dissolution Qnd F-ve-dose experiments such as ~are described in
Section 8.3 are valu;ble in determining the depth of alteration induced
by ion-bombardment. From Figs. 8.5 and 8.6, rapid disSoluciog 3tops,l7
for the higheet dose, while about 13—252 of the.oriéiral activity remains.
The.corresponding depths, as deduced from Fig. 6.8, are zbouty 130-140 4.

The thicknesses of the amorphized layer as a function of bombardment dose
A

are suﬁmarized-in Table Q.III.

Table 9.1V serves to compare, SnO2 with the other systems for whigh

4

extensive information is evailable namely Nb,O., Si, and WO

295> 3

/

9.5 Electrical conductivity measurements

The conclusien from what we have shown in Sectiop 8.4 15 that SnO2

shows high values of the resistance both before and after Kr-bombardment.
This implies that the origiﬁal stolchiometry was retained (Section-i.B).
It had Seen assumed (and even hoped) that SnO2 would resemble
materials such as CuQ, Fe203, M003, szos, Tioz, U308’ V205, H03 (Section
1.2.7). 1t does not, however, due to the tendency of this oxide to
resist oxygen removal, buturﬂe result turns out to be consistent both

with a model of preferential sputtering and with one of thermal.spike

induced vaporization (Section 6.2.3).

S
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TABLE 9.1II -
Thicknesses of amorphized layer as a

_ _function of bombardment dose
¢ : : ' '

Activity retained " Thickness ()

Dose (idné/cmzj (from Figs. 8.5 and 8.6) (from Fig. 6.8) (%)
1.6'x 1014 | .84 - s8
6.6 x 104 o .55 : 96
1.7 x 100° o .66 . 83
2.0 x 1077 | .41 ' 111
3.4 x 10" - . .59 ._ 92°
5.0 x 1010 .48 - 102
5.0x 108> . .31 | T3]
6.7 x 10%° J .46 - 104
8.2 x 1017 .61 - 111
9.7 x 107 .32 ‘ 119
2.1 x 10%° 25 131
2.5 x 100 ' . .26 ' 128
5.0 x 10%° .18 141

(*) Thicknesses so obtained are in principle as reliable ag LSS range

parameters, namely *20%.
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TABLE 9.1V

Thickness oé amorphized layer

in various substances

Substance Ion and Energy Dose , = fﬁicknqss Ref.
: (ions/em™) - amorphized (X)

Snoz- Kr; 35-keV 3.4 x 10 92 . present

' “Wyork

el o 15
NbZOS Kr; 35-kev 4 x 10 270 21
15
5S4 Kr; 35-kev 3.8 x 10 ‘ 450% 22
' 15 :

W03 Kr; 35-kev 3.5 x 10 : 390 23

* obtained by interpolation from data for 2-, 10-, and 40-keV (ref. 22)
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] The failure of SnO2 to lose oxygen under 1on-bomba%dment'shows,

Ci;nmreove;, tpat'it is not correct to use Ehe'results-é ekperiments
invﬁlving‘pxygen bombardment of metals (cfr. Chapfer 4| and in particular
'Séctibn 4.4) to predict the bdmbardmeﬁt of oxides. Oxygen boﬁbafdment
of a metal is gévernea by completely diffefent principles frbm oxygén
loss for an ogide. Ip'partiqﬁ}ar, we must not argue‘théﬁ the two ex-
periments constitute a éombardmént analog‘to approaching an eqﬁilibrium

state from two directions. L,

9;6l Other observations

+

The temperature‘592 K for the first release proceés, in the c;se
of markér-release'spectr;metf;:in the mineral cassiterite, is somewhat
lower than those obtained whéannoz pellets are usgd[ﬁ700-747 K) (Table
8.1). - We regard this tentatively as an example of impurity effect (cfr.
Table 2 of Ref. 14). | :

A further discrepancy is between the crystallization temperature
for'boﬁbardment—induced amorphousness in SnO2 (592, 700, 747 K) and
those for unshpportéd 5n0, thin films (750, 825 K)(Section 2.3.2).
Similar discrepancies occurr?d also with M003, TeOZ, VZOS(Z)’ SiBNa(ZA),
an&'5102(3,25), as summarizea in part on p. 58. We regard thi; as an

example of a nucleation effect.
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CHAPTER 10

b

SUGGESTIONS FOR FUTURE WORK AND SUMMARY

’

.

10.1 Suggestions -for future work

10.1.1 A possible thickness effect - Fig. 10.1 shows RED micrographs

of SnO2 films deposited by reactive sputteriﬂé on Ta substrates.. It can
be noticed "that diffraction patterns of films whose thicgness was esti-
mated to he 13600 X or higher, shéw well defined rings vather than halos.
Thus filgsrappear to change spontanecusly from an amorphous to.a crystal-
line state with increasing thickness. A systematic investigation could
be undertaken to probe deeper into this phenomenon. Precedents can be
found in work by Krikorian and Sneed (1) on sputtered films of Ge,

Behmdt (2) on Bi, Ga, Fe and V, Plercy (3) on anodic wox, and Arora (4)

~
~

on anodic VO_, WO , MoO , NbO , and TaO .
x x X X

X

10.1.2 Thickness-vs~anodizing voltage - As already noticed in Section

3.3.3 anodized films are thicker for a voltage in the vicinity of 8-&5
than for higher values (Table 3.1). We have no explanation at all for
this result, though consider it to justify fu;ure work for 1ts clarifica-
tion. We would inlparticular recall that the present w;rk constitutes
the first instance in which thick protective oxide films were growh on Sn

by anodizing.

10.1.3 Preparation of Sn0O. by oxygen-bombardment of metallic tin - As
already mentioned in Section 4.3, we would predict thaﬁ; due to S (sput-
‘ tering coefficient) decreasing, Sn02, rather than Sn0, would be formed at

very low (E << 35-keV) or at very high (E >> 35-keV) D; energies.

195
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weré one able to obtain SnO2 in this way, the possibility would
exist to form films with all ppssibie thicknesses from zero to the range
of thicknesses represented by anodic films. The latter cannot be obtained
(see Chapter 3) with thicknesses less than 3000 &.

10.1.4 Formation of oxygen-bubbles in 0O —1mplanted metalllc tin - Looking

at Fig 10.2, uhich is the transmission electron micrograph of a metallic
tin film implanted with oxygen, it will be noticed that black spets appear
on a uniform bacﬁground. This'feature always appeared in transmission

electron micrographs of oxygen—implanted samples, as distinguished from - )

ol

unbombarded samples (cfr. Fig. 4.}(3)). Noticing that bubbles are deteeted

in electron microscope studies as having the appearance either of white or
-

black dots (see, e.g., Ref. 5),'the possibility was considered that oxygen
bubbles had formed. Consider the gas law:

PV = nRT

'

If p = 2y/r, y = surface tension, N = number of atoms, L = Avogadro's

number, then it can be rewritten as

3
TrT =

2y
T

(%] P -

RT

[l B4

Assuming a surface tension y = 200 erg/cmz, and an average radius of

1000 X for the black spots in Fig. 10.2, one cbtains

N=4x lO6 atoms/black dot

S

Multiplying the oxygen dose used (3 x 1015 ions/cmz) by the average area
of a black dot, one obtains ? x 105 ions/black dot. Clearly, the black

dots are not bubbles. Presumably the formation of SnO (Section 4.2.2)



-t

Fig. 10.2. Sn film on carbon coated grid--

Bombarded with oxygen:.

3 x 10*° ions/cm® - 35 kev

mag. 53,000 - 100 keV

198
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during d; bombardment hinders the possibility of the simultaneous exis-—
tence of oxygen bubblés.
To decide abput the real origin of such features, ome should

undertake a guantitative electron optical investigation, inclusive of

I

dark field, underfocus and overfocus imaging, as well as heat treatment
of the specimen. The reason for the 'latter is that in many cases bubbles
‘migrate at a temperature which, though above the self-diffusion tempera-

ture, is below the melting point; that is, there is a possibility of

_ . \b i .
" bubbles being made to move and therefore identified as bubbles, by pulse

heating or by using the heating stage. .

3

10.1.5 Stage TIA and meiting point - Release due to a true (Stage IIA)

diffusion of the implanted inert-gas ions in the undamaged lattice of the

host crystal will diminish in relative importance as the dose increases

due to the onset of processes caused by the radiation damage. It is
therefore possible that thg reason our release spectra do not record
Stage 1A somewhere in the region »>1200 K is that we have been using too

high a dose.

The identificatlion of Stage IIA would have enabled one to estimate

even if crudely, the melging temperature for SnOz. In fact, Matzke (6),

has found that an empirical relation exists between Stage IIA release

temperatures and melting points. This relation is obtained from data for

a great number of different materials, namely halides, oxides and metals:

Triaciozy = 04705 Togyping

[T}

+
We would point out that the melting point for SnO2 is variously reported

to lie between 1400 and 2200 K. One of the low values, namely 1673 K, has
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beenﬁéhecied by Sinclair et‘al. (7) and is certainly wrcﬁg. what probably
happens 1s that when SnO2 is heated in vacuum the relevant process is
Sno2 + Sn0 + % 02 and what has actually been observed is the melcing
(1353 K) of tin monoxide. The higher values are probably wrong too, for
they correlate better with the sublimation temperature (2073-2173 K).
we anticipate tﬁe me}ting temperature of,SnO2 may be in fﬁe viginiCy

of 3000 K, corresponding to Stage IIA occurring at >1200 K.

- 10.2 Summary
} o
(a) A thorough review of the literature has shown that many dif-
ferent approéches have been attempted, with varying degrees of success, in

order to prepare Sn0 films.

2
Films have been formed (i) by chemical vapour deposition, (ii) by
reactive evaporation of Sn, (iii) by sputtering, and (iv) by gas oxidation

of metallic tin (which has produced contradicting results). Concerning

the possibility of cbtaining SnO2 films by anodizing Sn at high voltages,
- b2
work with both acidic and basic electrolytes has invariably involved low

voltages (<5) and never values (>>5) characteristic of the growth of thick,

wmiform films.

There has been an enormous amount of electronic and optical charac-
terization in previous work. This is attributable to the fact ﬁhat SnO2
is a high potentiality material for device fabrication, due to its unique

property of combining, when oxygen deficient, electrical conductivity with
a high degree of transparency to visible light.

As far as structural characterization is concerned, knowledge is

T

largely confined, until now, to two results: chemically deposited layers

are invariably crystalline, while evaporated or reactively sputtered layers
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are ﬁormally,_though nog alwvays, amorphous. Such-basic concepts 55 whether
the films are amorphous or crystalline, a%d, if the former, the value 65
the crystallizétion temperature, have noéibeen‘so,far-settled in a saﬁis—
factory way, the crystallizatién temperature, for example, being given és
a limit, e.g. >280°C, <400°C, <500°C;I Non-existent is also any information
about'cfyst;ilization mode, the crystallization product, and the grain size
of crystallizarion product. -
| We regard structural characterization to be as important as other
proﬁertieg ;f SnO2 is.to find use in device.fabrication, in view of the

fact that, for example, both the magnitude of conductivity, as well as its

0., and VO

temperature stability, are effected by crystallinity. (cfr. V 3 2

2

as shown in Fig. 1.1.) | -

As far as ion-impact effects are concerned, there is no published
study at all in which anz,is considered explicitly.

On the basis of t£ese considerations, we have defined an area of
lack of knowledge, a spacé in whiéh to operate by means of our choice of

techniques, experimental apparatus, materials preparation and treatment,

materials analysis.

:

(b) The first experiments involved the preparation of SnO2 films

by reactive as well as ion-beam s?uttering. While the preparation of §n02
films by these techniques has a iong precedent in the literature, at least
from the point of view of preparation as an end in itself, our work gives
explicit information on the crystallizationm temperéture. The latter
depends strongly on the nucleation conditions as governed by the sdbstrate,

varying from <200°C for crystalline Sn0, substrates, to 250°-300°C for

KCi substrates, to 400°-450°C for Ta substrates, to 475°-550°C for unsup-
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ported films. We would propose that 475°-550°C is the upper limit to the
'crystallization temperature (for a 1000 & thick amorphous film and an an- -

nealing time of 6 min; which are typical values, to within a factor of 2)

While the crystallization prﬁcess occurred homogeneously, a con-
sisten: result in this fork has been that amorphous Sn02, formed by. either
reactive or ion-beam sputtering, crystallized to cassiterite. Likewise -
Sno2 films formed anodically (see {(c)) w$ye'cassiteri;e ;s formed. We
the?efore tencative%y suggest that énO2 l;cks metastable or high tempera-

ture phases.

Once crystallization was attained, the grain size remained in the
vicinity of 400 R} to temperatures as high‘as 1000°C, in the case of unsup-
portéd films, while a grain size of 600 & is reached after heating suppofted
films to 550°-600°C. The differénce in crystallization temperature between
supported #nd uﬁsuppofted films suggests that nucleation rgthef than growth

is the rate-controlling step in the crystallization of Sn0 Similarly,

2°
the difference in grain size obtained in‘annealing experiments suggests

that nucleation, while perhaps not fully rate~controlling, at least plays

a role in grain growth.
The thickness (d) of the reactively sputtered films was estimated

by noting the interference colours when using a Ta substrate and assuming
the validity of the relation nSn02d8n02 = nTazosdTazos where n is the index

of refractien.

s

. /
(c) While SnO2 is frequently prepared by sputtering, there is as

far as we know no precedent for films being formed by high-voltage anedizing.
We have found it possible (apparently for the first time) to anodize Sn up
to 65 V.and the growing films showed 6 orders of interference colours. The

present work makes it clear that, though the process is far from being per-
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fec:; high vqlhage-film graﬁth can be achieved with Sn. Anodic Sn0O, was

2
“found to be crystalline as formed, which was an unexpected result in view
of the fact that anodic films are algpst invariably amorphous.

The thicknesses of the anodic films were estimated, among other

ways, by sputtering the films with 20-keV Kr ifons until the metal was

exposed and noting the weight loss. This confirmed the thicknesses to be

nearly independent of voltagé between 6 and 50 V; which is what was antici-
pated on the grounds that tyé interference colours changed only sliggtly
with voltage. The anodization of Sn has a rather low efficiéncy (4-212) |
and ‘this could be shown to be aue to electronic cbnduction rather than
dissolution.

Efforts to characterize the anodic films‘structurally havé led ﬁo

further information on grain growth of Sn0 Specifically the films

2°
retained their microcr;}sl:alline structure in heat treatment, until a
temperature of about 1000°C was reached, this being in good agreement with
thg behaviour of sputtered films.

{d) A completely novel approacﬂ-to forming SnO2 films has here
been attempted, by bombarding metallic tin with oxygen ions. The nominal
objective fajiled in that the films turmed out to be crystalline a-5n0.
S5till, this work has led us to indicate that SnO2 films can, in principle,
be formed by oxygen-implantation, thus providing a very controllable

technique to form "very thin" thin films. The key is anticipated to lie

" in the cholce of the oxygen-ion energy, as dictated by considerations on

the sputtering coefficient for the system 02-Sn.

{e) Having so fai explored the properties of 500-5000 & SnO2

films as formed by reactive sputtering, ion-beam sputtering and high-
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vqltagé anodizing, we have at this point. undertaken to investigate, using

_the result of this work as a guide, Kr-ion~impact effects with SnO2 thin

films,

We have first of all made a survey of materials whose response to
IGﬁ~impact is knownﬁ Included are materials whidh qndergo (i} a crysta;;iqg— '
:amorpbous tfgﬁgiglon, (ii) an amdrphous-crystalline transition,'and (iii) a
stolchiometry change. We have also given the criteria which researchers
hafe worked out in order to predict'the occurrence of the above tra;gfor—
mations. While we have noticed the lack 65 any published result as far as
SnO2 is concerﬂed,:wéfhave pointed out that, were a bombardmeng—induced

amorphization or change of stoichiometry teo eccur with Sn0O,, there would be

2,
‘ P N
significant technological implications. for device fabrication. Furthermore,

we want to point out that bombarding a material with inert-gas ions in the

.

keV range is both a way to dope a material with what is one of the pfimary

causes for swelling of fuel materials for nuclear reactors, as well as a

way tb\simﬁlate neutron irradiation in the MeV range. Ir addition, these
N\

experimeﬁts may be regarded as pointing the way to important effects, such
as, for example, preferential sputtering. The sputtering process will play
an obvious role with nuclear and thermonuclear materials due to their con-
tinuing exposure fo fission fragments, fast neutrons, or helium ioms.
Preferential sputtering can alter the surface of binary alloys, with pos-
sible consequences such that external surfaces may in general have unexpected
corrosion, eleétrical or tFansport properties.

(f) Our first experimental finding has been that 5n0, shows an un-

2

usuvally high value of the sputtering coefficient. SnO2 in this respect

resembles_MQOB, VZOS’ WO3 and possibly Sioz, but, to the writer's knbwledge,

1)
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no other:bxide: S was then measured as a function of temperégure, the
result of these experimeﬁts being that it was even higher at elefaied'
tepperatures. Taken together-these expe£iments suggest that SnO2 under-
éoes thermal sputtering, i;é.rsputtering in&olvfng"vaporizatibn. " This
unusual behaviour is also shown to be predlctable, when a general criterion

.

which takes the" vapour ‘Pressure into consid&ra“ion, is applled to SnO2

Pursuiné the criterion furthef,-ic was.argued that both a model based on
"vaporization due to thermal spikes” (governed :y vapour pressure) and one
based on ffreferential oxygen sputtering” (govermed by the.surface binding
energy) predict that high-dose bombardment of SnO2 will leave Fhe stoichio-
metry unchanged, while the SnQ2 sputters congruenily (as distinct from
preferential sputtering).

(g) The next step in exploring the response of SnO2 to ion-impact
was to investigate the stru;ture of the target material after bombardment.
The gxperime;ital evidence was that Snoz amorphizes under ion-impact, in
agreement with both a criterion based on a physical mo&el involving thermal
spikes and one of empiriﬁal nature based on ionicity.

(h) Given this preliminary result, namely tﬁat crystalline SnO2
does indeed amorphize undér ion-impact, we started at this point to look in
more detail into this phenomenon.

Bulk samples (either sintered SnO2 pqwder or.natural cassiterite)
were ilon-bombarded and then analyzed usiﬁg the following techniques: (i)

- reflection electron diffraction, (ii) dissolution measurements, (iii)
resistivity measurements, and kiv) marker-felease spectrometry.

(i) Monitoring, by electron diffraction, the annealing of

)
bombardment-induced amorphousness at increasing values of the annealing
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'.tempe.rature, couldh'fbn‘l:yk\be done uéing bulk samples, and.not anodized tin,

due, if hot-to any othgr‘reaéon, to the difference in melting temperature
between,SnOz.and the metallic Sn'sub;traQe. Sgch experimentsfhave estaﬁu .
lished that the annealing to the original single crystalline phase occurs
(1) by a homégenéous transformation:ratﬁer than by interface motion
("heterogeneous™ transformation in fhe te%ﬁinology of Mader). Moreover, it

El

goes_(1ii) through an intermediate polycrystalline phase showing the normal

cassiterite structure. Though most substances show crystallization by

.

interface motion and by necessity,therefofe.rgtdrn ‘to the origiqal struc-
ture, in a procéss where there is an evélutioﬁ of the type amorphous—+
polycrystalline+epitaxial, thé intermediatq phas; could in principle have

a different structure than the starting material. In fagtfmost amorphous .
oxides do yield a different phase, with _SnO2 being.an exception in not doing
50.

(i) D£ssolution heasurements have been performed in order to estab-"
lish the depth of alteration due to ion-bombardmwent. The first step in
obtaining so-called dissolution curves was to label specimeés with radio-
active K;BS. The specimens were then exposed to a suitable solvent and
the fraction of retained activity noted as a function of time, Providéd'
the depth distribution of the injected ions can be estimﬁfed, the f?action
of retained activity enables one to deduce the thickness of the layer re-
moved. Results for SnO2 have been compared with other systems for which
information is available. It turned out that the thickness of the amor-
phized layer is ratﬁer smaller in the case of Sn02. Namely, SnO2 shows
high "resistance” to amorphization.

We have also carried out experiments in which dissolution and
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thermal annealing wvere compated. Thermal annealing and dissolution
.resulted to be equivalent {when annealing is carried on up to at least
~1100° C) in that the activity retained after dissolution is similar to
that-retained after thermal annealing. ThiS‘equivalenee, though, does
not hold for lower annealing temperatures. In other experiments, dis-

) . .
solution and annealing were combined. Taken together the results of the
. above experiments are understandable if lt is assumed that amorphoos SnO2
is fully soluble in HF, polycrystalline SnOz,is partly soluble, and single-
erystal $n0, is not soluble at all.

(k) Oxygen loss normally causes the conductinity of an oxide to
increase, at times by many orders of magnitude. If oxygen loss were to
. aecur. with SnOz, the result would have been of fundamental importance in
device fatrication, owing to its conductivity yarying, apparently, as much
as 5 orders of magnitude due to stoichiometry changes.

.Again, bulk material had to be used in order to carry out con-
ductivity measurements. (Anodic films could not be used due to the metal-
‘lic nature of the substrate.)

Tne conclusion from the experiments was that SnO2 shows high values
of resistance both before and after high-dose Kr-bombardment. This implies
that the original stpichiometry‘was retained. The result is consistent
"both with a model of preferential sputtering and with one of thermal—spike
Induced vaporization and its implication 1is that SnO2 insulators or resis-
tors should be narticularly suited to be used in a radiocactive edvironment
(as.distinct, tot example, from devices based on TiOz).

(1) Marker-release Spectrometry was finally used. The basic idea

behind this technique is to label the specimen with a radiocactive inert-
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gas and then determine, with a linear temperature increase, the tempera-
tures for the release of the gas, the gas servihg as an‘inert marker which
signals phase changes, stoichiom%tfy changes, defect annealing, or dif-
fusion. Once more bulk S$n0, had to be used, rather than anodized $n0,,
owing to the latter lying on a substrate (metallic tin) which has an
unsuitable melting behaviour. 'Two reproducible releaée processes, at
definite temperatures, were in this way promptly idencifiéd. Electron
diffractio; investigation of the specimen at these temperatures revealed

the two release processes to be due to an amorphousjﬁrystalline and a
crystalline-epitaxial phase transformation, while the release spectrum ,
provided a simple yet accurate means for locating the temperatures at

which these pfocesses occurred. .

The present results allow u; to expand the formalism on which
marker-release spectrometry is based. Three characteristic release pro-
cesses had been so far identified when a material implanted with a radio-
active inert-gas is thermally treatéd: release due to recovery of
bombardment-induced disorder, release due to self—diffusion\and release
due to bubble motion. We have.identified a’somewhat different release
process, namely one due to epitaxial crystallization. This process has
been clearly identified in the case of Sn02, while a search of the liter-
ature has shown that precedenﬁs for such a pheéomenon could be found with
MgO, Cr203, SiO2 and TiOZ. We have then pointed out that the known or sus-
pected examples always lie above the temperature of Stage IB (crystallizatiom)
yet belcw'the temperature of Stage IIA {unhindered diffusion). Also they

share in common with Stages IA and IB motion which is directiomal rather

than random. We therefore propose the designation "Stage IC" for epitaxial

-

©



crystallizagiﬁn[i- g , : R
A'@é;per knowledge-pf Fhe marker-~release techniqﬁe will be valuable

in better understanding the diffusion behavioﬁr of dnert—-gas atoms in a
host 1a£tice, which, as already mentioned, is of primz?y loportance, f?r
example, in understanding, and éventually solving, the problem of

swelling‘ in fuel materials used ia nuclear reactors. Besideé, marker-
release can be ‘used as an important supplement to electron optics as an
indicator of lattice disorder due to low eneréy ions. Or it.can be used,
again as a supplement to electron optics, to infer the presence of bubbles
in a materiql, especlally when the material is not in a form (thin film)

suitable for electron optics. Finally, it yields valuablé'insight into
3

self~diffusion and melting behaviour.
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