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ABSTRACT

- Atomic mixing resulting from heavy-ion bombardment of thin-film

»

Ni/Pd bilayers and thin Pd markers sandwiched between two Ni layers has

been investigated. Experiments were carried out using 120 keV Ar and

2

145 keV kr* jons for doses 0--4x1016 cm “-over a wide temperature range

(40- 673K). The resulting interdiffusion was measured usithZ MeV 4He+'

ion backs;attering in-situ. ;n some cases, additional dep;h analysis

was undeﬁiskep using Auger Electron Spectroscopy (AES) with sputter

depth profiling. The‘ihfluence of f};m microstructure and bomﬁardment-
induced microstructural changeg on the mixing have been assessed with
transmission electron microscony (TEM). The electrocatalytic behavior

of tﬁe-iontmixed bilayer samples was determined for Eﬁe hydrogen evolution
reaction in strong KOH solution, using.potentipétatic polarization tech-
niques. : "oy

~

t

The amount of ion beam mixing is found to varg?wi;h the square
IPOt of the ion dose‘fok‘temperatures < 573K. Also, at 40K, where it is
assumed that no signif%cant thermally activated process contr?bqtes to the
mixing, it is_found that the mixing is dependent on the damage é;ergy, FD’
deposited at the interface region. Between 40 and ~ 400K, the mixing
parameter shows a weak temperature dependence with an apparent activation
energy Ea ~ 0.1 eV, This suggests that some interstitial diffusion con-
tributes to the inter-mixing in this temperature regime. Above ~ 473K,
the mixing (at each temperature) increases rapidly with ion dose for ir

radiation doses < 5x1015 crn'2 with high initial mixing efficiencies of

-4
iy
-t



6- 35 atoms/{on befween-573-62§§: This initial rapid mixing ‘1evel
eventually‘;lous'to 3 less rapid {v 1.2 atoms/ion at 673K0'rgte for
doses > 5x10'° em™2. TEM observations of the irradiated and unirradiated
films suggests that ;he change to a less rapid mixing rate is correlated
~with an increase in the average grain diameter (10-80 nm) in the film
following fon bombardment, and therefore with a reduction in the contribution
of grain boundary diffusion to the intermixing.

For samples annea]ed; without irradiation, below ~ 473K, no
measurable interdiffusion of the Ni/Pd layers was observéd. For samples
anneadled above v 473K, Hhiﬁple analyses of the interdiffusion show two
"distinct regions - lattice diffusion-dominated rggign near the original
interface and grain boundary diffusion dominated:;eé%on further away frcm
the interface. The lattice diffusivities, Dé, under the;mal annealing
conditions were evaluated and ranged from ~ C.22 to 52x16° 18 em~%-sac”™!
for Pd diffusing in Ni, and 0.33 to 56.6x107'% cm®-sec”! for Ni diffusing
in Pd between 523 - §73K. These lattice diffusivities are high because
of enhancement‘gf diffusion by defects present in the as-prepared £i'ms.
The grain boundary diffusion coefficients (fpr Pd diffusion in Ni bound-

14 1 -1 2

aries) Dy varied from 5.4x107 1% cm-sec” at 523K o ~ 3x10 cm©-

sec”! at 623K, with an apparent activation energy. Eq % 1.35 e¥ and @
prefactor Dg ~ 0.75 cmé-sec”!.

Under irradiation conditions, 1bn irradiation results in an en- *
hancement of the mixing especially below ~ 400K where almost an orcer
of magnitude enhancement over thermal anneal only, was obsérved. At
"~ 673K, the contribution of equilibrium defects to interdiffusion over-

wheims the irradiation effects. The diffusion coefficien=s under irvadia-



Ty

~ tion, Drad' were also evaluated and ranged from~ 4 to 70x10']5 cmz-

sec ' -at 523 and 673K with apparent activation energy E, ~ 0.57 eV.
- For Pd fiims deposited on large-grain Ni substrates, thermal
— annealing and/or ion bombardmeﬁt result in mixing levels that are almost
two orders of magnitude lower than. observed from small-grained Ni/Pd
couples, though under irradiation conditions, radiation enhancement of
- the mixing was also observed. B
As potgntia] e}ggé?oc&ta]ysts for the H2 evolution reaction in
strong KOH solution, the -ion-beam mixed surface alloys (in the over-
potential range < 0.4 V) show superior performance over smooth Ni, and

Ni coated with evaporated Pd.
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CHAPTER I
INTRODUCTION

Over the last ten yeary the phenomenoﬁ.of ion beam induced atomic
mixing has attracted considerable attention. First because-{f repre-
sents a major limitation on the depth resolution of all surfigg analytic
techniques employing ion sputtering for depth profiling. Secondly be;
cause ion beam mixing provides a method for forming surface alloys by
the infermixing of atoms between a thin overlayer film and substrate
subjected to energetic jon irradiation. Such alloys can potentially
- find use in a Qarigty of applications.

The.application of ion implantation, for example, to improve the
corrosion, oxidation and wear resistance of metals is well estab1i§hed
(e.g. G. DearnaTey 1974), and the field of e1ectrocéta1ysis would ap-
pear to be an e&citing area of potential app1ication of ion implantation
and ion mixing of méteria]s by modifying the surface of electrodes.

One app1icatioﬁ.of considerable current interest is hydrogen production
via the electrolysis of water. At the moment most commercial e1eptro-
lysers employ Ni in one form or anothgr as electrode material basi;a]1y
because of jts relatively low cost, good corrosion resistance and moderate
overpotentials for the OZ)H2 evolution reactions. However, for hydrogen .
production by water electrolysis to become competitive with alternate

sources like fossil fuels, improved electrode performance is r

uired.

One way to achieve this is by alloying of suitable electr atalysts with



a substrate metal._Pi and Pd have been shown'(M{1e§ 1975) to have_the

16west overpﬁtentia] of a11‘e1emeqts for the-hydrogen evolution react-

ion in strong caustic 3010t10n5.7_¥hese materials are iﬁ'genera1 ex-

'penngE"Ehd there is a need to minimize-their éonsumption. "Formation

of surface alloys by ion beam mixing can possibly facilitate such a

reduction in cost. |
As a technique for surface alloy fofmation ion béam mixing has

some potential advantages over direct ibn imﬁ]antatioh. These are:

1) fhigher concentration levels of the é]]oyihg element may be
achieved than i; possibje by direct imp1antat%on where sputfer-
ing Iim%ﬁs the maximum concentration levels. attainable,

2) a given alloy composition may often bé achieved at considerably

lower ion dose than by direét implantation, whilst using more

easily attéinable jons such as Ar+, Kr+ etc.

3) novel alloy phases not normally present in the equilibrium phase
diagram, as well as equilibrium phases may be induced by ener-
getic ion bombardment. |
However, at ﬁreSent the ion beam mixing process is not completely

understood. It is generally recognized that there may be several mechan-

isms contributing to the mixing process. At sufficiently Tow temperatures
where lattice defé;ts are immobile coi]i;ional mixing resulting from "\
repeated displacements of atoms within collision cascades dominates. //

‘At higher temperatures, where defects are mobile, additional mechanisms

such as radiation enhanced diffusion (Nangllgsi)_may contribute to the

overall mixing. Theoretical predictions (e.g. Sigmund et al, 1981)



-

-

~ based on these mechanisms aré, however, often at variance with experiménf-
al results (Paine 1982, Paine et al 1985). For example in coi1i$iona11y
simi]ar'systems where one wqu1d expect a simiTaf'degree of mixing at Tow
téhperqturés; experfmenta]ly observed_mjxing-barieg wideTy:from system to
system {Picraux 1982). Also in sémGTSystems (typically compound-forming
systems) ion beam mixing resd1ts in alloys with equilibrium phase com-
positions similar fo those obtained by thermal treatment, (e.g. Pf.-, Né;
si]iéides), while in others the resulting alloy phase may differ from
the equilibrium phase e.g. Ni-Ag and Au-Co (Hayer 1981). As a result
it is diffiédlf'to predict a-priori either the degree of mixing or even’
" what alloy phases will result from ion bombardment.
This thesis'reports in part on a systematic investigation of the
ion Beam mixing process in the Ni/Pd system. -Ni/Pd waé selected for .
theée studies because of its feésabiliﬁy as cathode material for the pro-
duction of hydrogen through the eTéctro1ysis-of water in cgﬁcentrated-
caustic solutions. Two kinds of target configurations were employed:
the first consists of a thin (~ 1 nm) layer of Pd buried between two Ni
1ayéﬁé. The mixing in this system approximates the diffusion-1ike spread-
ing of aqﬁd marker in an Ni matrix, and the role of chemical driving
forces is expected to be minimum. The second kind of configuration
more appropriate to surface alloy formation is of interest for practical
app]ications,.and consists. of an evaporated Pd layer on an Ni substrate,
thus forming a semi-infinite bilayer couple. Supplies of Pd and Ni may be

uniimited for typical ion doses used and the system is free to form binary



phaées of any composition. Chemical driving forces may also play a role.
The influence of ion species (120 KeV, Ar and 145 keV Xr'), ion dose

(0.3- 4x10'® cn2), dose rate (0.43-5.5x10'2 2

ions cm sec'I) and tempera-

[y

ture (40-673K) on the mixing have been studied. The mixing resulting-

- from ign bombardment and/or temperature has been characterized principally
by Rutherford backscattering (RBS) analysis using MeV He' jons. The in-
fluence of film microstructure and grain bouﬁdary diffusion on the mixing
is also assessed. . \

The electrocatalytic activity of the ion beam mixed Ni/Pd couples
for the hydrogen evolution-reaction jn ~ 6N KOH solution has also been
studied using electrochemical polarization techniques. The electrode’
actijvities were characterized in terms of the hydrogeﬁ overpotential qf
the electrode and its dependence on the surface concentration qf Pd.

In chapter 2 a T1imited review of the applications of ion implanted
and ion beém mixed material is given,in¢cluding applications to oiidation.
corrosionm resistance and e1éctrocata]ysis. The properties of Ni}'?d and
Ni/Pd alloys relevant to this work are also reviewed in this chapter. The
principies of heavy-ion/solid interactions relevant to fon beam mixing
including energy loss and slowing down processes and the nature of defects .
produced in ion irradiated metals are discussed in chapter 3. Also in
chapter 3 the various ion beam mixing mechanisms and the proposed theore-
tical models are discussed along with results on marker spreading‘énd bi-
layer mixing experiments.

In chapter 4 the analysis techniques ére described. These include

the theoretical aspects of 1ight MeV ions backscattering (RBS) and the

-~
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.principles ot.mass identiffcation and impurity depth pro%i1ing using RBS.
E]ectrochemiéaT'po]érization_techniques are also discussed. The experiment-
é] facilities for ion beam procgssing_and jpn.beam analysis, and the elec-
trochemical apparatus for the polarizatiem measurements are the topics of
chapter 5. Sample preparationlmethods and- the types of experiments per-
formed are also discussed in .this chapter. ] -

In chapteé 6, the_experimenta1 reéuﬁts are given. They are divfded.
into three éeétions. In section 6.1 results of tﬁe ;pfeéding of buried thin

_ Pd markers in Ni are given; ion mixing of Ni/Pd bilayer couples are dis-
cussed in section 6.2; in section 6.3, the electrochemical polarization

measurements on jon beam mixed electrodes used as cathodes in ~ 6N KOH
so]utfon are given and discussed.

F{nally in chapter 7, a summary of the observations and conclusions
regarding the ion beam mixing in the Ni/Pd system and the electrocatalytic

properties of the alloys are given.’

-



CHAPTER 2 \\\;_}f

'RECENT APPLICATIONS OF ION BEAM PROCESSING OF METALS -

2.1 Introduction

o

In a variety of meta1lufgica] appiiéatibns it is often necessary
to develop materials with improved oxidation, aqueous corrosion andcﬁear
resistance as well as.improved electracatalytic_proper;ies: The usual -
approach for forming such materials s by bulk-alloying of a base metal

-

with elements which enhance the desired properties. It is kprown for - —
exampie {Fontana et a] 1978) éhat'addition of Cr, Mo and Ni imparts great-
er corrosion resistance to steel, and that'small additions of noble metals
to Ti (Stern et al 1960) can improve its corrosion resistance in non- ‘I
oxidizing strong acids. Small additions of Pd td Ti result in a gé]vanic Jb.j
couple having a passivating-potential which is more noble than the—passiQ
vity potential for Ti. Similarly Damjanovic et al (1966) have shown that.
the activity of Rh cathodes for the hydébgen evolution reaction in KOH
solution can be improved by alloying with.Pt. Similar meéﬁurements_by
Bockris et al (1968) on Au-Pd and Au-Pt cathodes show that the quantity
of evolved hydrogen on these alloys is ]03 higher than on pure Au.
. The oxidation resistance of metals and alloys mayla]so be improved
by the addition of beneficial elements. The addition of Al to Fe-Cr al-
loys (Dearnaley 1981) for example imparts greater ogidation resistance by '
. the formation of a coherent A1,05 which strongly resists further ion trans-

port and therefore the oxidation of Fe.

¢
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& However since corrosion, oxidation and electrocatalysis are surface

and near surface phenomena it may not be necessary to produce bulk alloys

-to improve these prdperties; and surface layer alloying may often serve to

imbart adequéte oxidation, wear and corrosjon resistancé and catalytic -
activity to metals with infrinsica11y inferior properties. .

The ranée of surfécg alloys that can be prepared by conventignal
means (thermal diffusion) is however limited by the equi]ibrium'phase dia;
grams. EquiIi@ripm phases and, in principle, metastable phases can be
produced by ion beam processing irrespeétive of the compositional con-
straints of the equilibrium phase diagram, though the metastable phase may
leaq to the precipitation of equilibrium phases if the temperature is high
enough. Mayer et al (1§81), for example, using ion beam mixing techniques
(chapter 3) were able to produce metastable singie phase Ag-Cu and Au-Co _
alloys which were stable against precipitation to two phase alloys up to
" ‘ZOOQCand'b 350°C;respectfve1y. Also in many cases only minute quaﬁti—
ties of beneficial atoms are required to effect changes in the corrosion,

electrochemical wear and oxidation properties of materials. Ion implant<

ation and ion beam mixing may therefore result in a more economical way of

‘changing these properties in comparison with normal bulk-alloying proce-

dures. In section 2.2 a2 1limited review of the application of ion implant-

. . A . A . ; . .
ation and ion beam mixing to improved oxidation and corrosion resistance

of metals is given. In section 2.3 electrocatalysis of the H-redox react-

——

ion on metallic surfaces and the app1ica£ion of ion implantation and ion

beam mixing to it is reviewed.
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2.2 Ion implantation of metals

Ion implantation techniqﬁe has Bgén-used to improve a variety of
properties of metals ;nd alloys in recent years. Its applicétion to im-
prove the mechanical propert1es of metals such as friction, wear and ha;;—'
ness is well-established {Dearnaley 1970, 1982, Hartley 1975,1980). Its
application to improve the oxidation res1s£hn;e (Grant 1975), corrosion
. resistance (Ashworthetal 1977) an& e1ectroc$£é]ytic activity (Wolf 1980)

of metals and alloys has also been demonstrated.

2.2.1 Improved oxidation resistance )
The oxidation resistance of metals and alloys can be improved in
several ways. It is well-known for examplie that some o#ides e.g. Al 03
and Cr203, form coherent films which serve as barriers to further oxygen
or base metal diffusion. Also structural defects such as grain boundaries
2and dislocations are known to provide'easy diffusion paths for the trans-
port of oxygen sr cations. In Ti for example Smeltzer et 51 (1§61) con-
~concluded: that the oxidation proceeded-by the transport of oxygen along
~ 1 nm diameter dislocation pipes. If these easy diffusion paths can be
blocked effectively, the oxidation rate can be substantially reduced. Ty-
pical blocking iﬁpurities are large oversized, or insoluble atoms.
Benjamin and Dearnaley (1976) have shown that ion implantation of
barium, caesium, ytterbium and europium into Ti lead to improved oxidation
résistance of Ti. Apparently these elements form oxide precipitates at
the short-circuit diffusion paths in Ti thereby protectiﬁg the base metal
against fqrthér oxidation. Fig. 2.1 shows the oxidation kinetic of Ba-

implanted and unimplanted Ti and indicates that at 600°C the oxidation of
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16 is ~'a factor of 5§ less than

. the sémple implanted with 2x10 Ba+ cm
the:uﬁimp]anked Ti. SigiIar observations have been made by Goode (1978)
on the oxidation of cerfum—implantéd Ni, and by Bennett &t al (1980) on

: . e —
the oxidation of Ce+-imp1anted stainless steel.

Al and'Cr are often used hé alloy additions to provide protective .
oxide films. Bernabai et al (1980) using this idea studied the oxidation
kinetics of Al -1mp1anted\ Fe-Cr-Al Y aﬂoy containing 1.45% Al. Their re-
resuT;s, which are shown in F1g. 2.2 for a11oys'ox1d1zed in air at 1100°C C,
show that the oxidation raté constant has been reduced by a factor of
~ 140 for the sample implanted with 101? A1+ igns cm'z. Subsequent analy-
sis showed that the oxi&e scale on th .imp1anted samplgs was primarily
A1203 1n contrast to the un1mp]ante8(2amp1e§ whose scales consisted of
~ 40% mixed oxides-of Fe and Cr; Similar improvement in the oxidation
resistance of Cu fol1owiﬁg Al implantation has been observed by Rickards
et al (1980). h

Dearnaley et al. {1973) have a}so investigated the thermal oxida-
- tion of ién-implapted stainless steel and found that implantation of Bi, In
and’ﬂT’Téhs all result in a lower oxidation rate of stainless steel. Ina
related study Naguib et él (1976) examined the influence of 8, C, N and
Ne implantation on the thermal oxidatjon of Cu. Their results show that -~
a B dose of ~ 1017 {~ 15 at. % peak‘concentration) is quite effective in
reducing the oxidaiidn rate while both Ne and N were not so effectiye,quMf
on the-other hand increaseq the oxidation rate. The role of ion fmp1anta-
tien on the high tempetgture oxidation of metals has been discussed recent-

ly by Galerie (1982) and Dearnaley (1933).
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2.2.2 Corrosion resistance : : 8

Aqueous corrosion of metallic surfaces takes place by an electro-

chemical mechanism involving two simultaneous and complementary reactions,"

~

namely metal disso]utionf(oki&ation) at the anode and deposiqﬁon tgactian
at the cathode. Anodic dissolution will be high only if it is‘subported

by an efficient cathodic process. If the cathodic b}ocess-is s]ow; thi§

will control the anodic dissolution rate. However even'in the absence of
cathodic control a marked reduction in the éorrosionlrate is possible if

éhe metal is self-péséivéiing. Tﬁis paésivation has been attributed

- (Fontana et al.1978) to the fofmation of a surface film whiﬁh acts as an

efficient barrier to the corroding medium.

The most common method employed in the study of metallic corrosion
kinefics is the polarization technique {chapter 4). In this technique a
potential is applied between the test electrode (anode) and an auxillary
electrode (typically Pt). The current passing through the cell is then
a measure of the corrosion rate for'qp electrode of a given surface area
at a particular vaiue of the applied potentia]? Fig. 2.3 shows a typical
polarization curve for Fe. Polarizing the electrode to more positive
potentialstfirst leads to higher corrosion rate. At potentials > E__,

PP
the passivating potential, there is a reduction in corrosion rate from

to due to the formation of a passive film. This pass{vity

lerit 1pass
is maintained until at much larger potentials >> Epé the passive film
breaks down, passivity is lost and higher corrosion rates again are ob-

tained. ~

=
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Fig. 2.3: Schematic of typical polarization curve for Fe.

In the design of corrosion-resistant alloys one usual approach is
to promote passivity by bulk alloying with elements which tend to lower the
passivation potential, Epp’ and the critical current density Terits
known, for example, (Fontana et al. 1978) that addition of Cr, Mo and Ni

It is

tS.steeJ to form stainless steel imparts greater corrosion resistance in
this manner. Small alloy addition of Pd to Ti is also known (Stern et al.
1960) to reduce the corrosion rate of Ti in. non-oxidizing strﬁng acids.

In this case the mixed potential of the alioy is more noble than the pas-
sivating potential of pure Ti andlthe alloy is self-passivating. Tomashov

et al. (1980) have shown that only small additions of Pd or Pt (0.1 to 0.5%)

to T1 are needed to ensure its corrosion protection. The-use of ion im-

——
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plantation teéhnique to introduce such expensive alloying additions helps

to minimize‘materials costs. - .
Munn and Wolf (1985) have used this method to -improve the corrosion
behavior of Ti. They found (Fig. 2.4) that for Ti samples implanted with

16 -2

400 Kev Pd?* ions to a dose of 2x10 cm © the onset of anodic dissolution

' in 20% H,S0, is delayed for ~ 100 days while anodic dissolution of the
unimplanted Ti begins after oq]y-s-10 hours imme;gion in thé solution.
Similar observation has been made by Lichterjet al (1982) on the
corrosion behavior of Rt imp]antgd Ti fq 1N H2504. -Their results show
that even for low Pt doses {v 4.6xf014 cm'z) the surfa;e alloy does not
become anodiﬁ dnti] after time§ > 700 minutes. The corrosion behavior
of Pd-implanted Ti has also been studied by Hubler et al (1980) and shows
that the imp1aptation of_]x]O16 ?&+ jons crn'2 {~ 4% peak concentration)
- reduces the corrosion rate of Ti in 1IN HZSO4 by a factor of 103.compared
to Ti.

fon implantation has been used to improve the corrosion resistance
of other systems as well. Covino et al (1978), for exampie have shown

16 Ni+/cm2

that the implantation of 25 KeV Ni or Cr ions (.85-3.4x10 } into
Fe results "in a surface alloy which exhibits, in boric acid solution, pit-
ting- and general-corrosion characteristics which are comparable to nominal-
ly equivalent bulk alloys. Al-Saffar et al (1980) have élso shown that

the implantation of Mo into Al and high strength Al alloys improves the
resistance of the metal and the alloy to pitting corrosion in sulphate \\
so]utions-containing'ch1orine. The influence of Au, Pb, Hg (Molf et al
1982) and Cu (Ferber et al 1980) implantation on the corrosion behavior of

Fe has also been studied. Au and Cu implantation lead to higher corrosion
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rétes while Hg and,Pb'imp1ahtations impedéd the corrbsion. .
B Ion 1mpact can “itself affect corrosion behav1our of metaTs
either through lattice damage resulting Fram ion bombardment or through
increased surface area of the electrode resulting from sputtering. IE;
is therefore useful to assess those effects that are due to the ra-
. diation damage vis-a-vis the chemical effects of the implanted species.
This can be done'by implanting chemically inert species into the tesf.
electrodes. This type of studyﬁhas.been_dong by Ashworth et al. (1978) who
implanted Ar into Fe and by Ferber et'éﬂ.(igsoi who implanted Ne and Ar
'fnto Fe. In both studiés inert gas implantation Teads to a slightly
higher corrosion rate of Fe which the authors attribute to the surface
roughening effect of sputtering. |

Recent'reviews by Ashworth etal.(1980), Clayton (1981) and Dearnaley
{1983, 1985) deta11 examples of the beneficial _effects of ion implantation
on the ox1dat10n and _corrosion resistance of metals.

b

2.2.3 Ion beam mixing and corrosion resistance

The maximum conceﬁtration of an alloying combonent that can be_achiéved
by ion %hplantation is limited by sputtering. Higher concentrations how-
ever canﬂbe obtainéd by the technique of jon beam miﬁing (discussed in
detail in chapter 3).. Though the ion beam mixing technique confers
greater flexibility in.the range of surface a11dys that may be produced by
- ion beam processing, very little work has been published on its app|1cat1on
to improve the oxidation and corrosion resistance of metals.

Bhattacharya et al. (1985) have studied the corrosion properties of
Ni-Mo and Ni-Ti ahorphous alloys produced by ion beam mixing. Theirlre—

sults show that the critical current density, icrit’ needed to achieve
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Qassiyaiion of the Ni-Mo ailpy is & 30_times.1ess for the. ion éeam mixed
alloy than for equivaTent a116y p}oduced-by co-deposition of Ni and Mo.. -
The1r result for 1on beam mixed Ni-Ti a]loy is shown in Table 2.1 and _
show§ that'1 for the ion beam-mixed a]]oy can_ be a factor of 40 less

than for the co-depos1ted Ni-Ti alloy andmw2 times 1ess than for,pure Ni.

fTéb]e 2.1t Critical current dens1ty measured on various Ni-Ti

alloys , o
Io: Do;e Aljoy . ' iéri (uA/cm,),
Au /cm A
15 ' R . 3
1x10 7 N150-T150 N Sx]O3
15 . e
3x10 N150-T150 ~ 4x10
15 . . . 3
10x10°° | N150-T150 ~ 1x10
N . . 4
Co-deposited - N1507T150 .- ~ 4x10
0 Ni ~ 1x10°

In a related study Munn and w§1f (1985) studied the corrosion be-
havior (in 20% H2804) of Pdlimplanted Ti, ion-beam-mixed (Ar and Kr ions)
Pd-Ti alloys. and Ti_with evaporated Pd layers. The;r results (Fig. 2.5)
show that the ion beam m1xed a]loy is more corrosion res1stant than e1ther
the Pd-impianted' Ti or the Pd on Ti and remains passive after 300 days
in solution. ‘The ion mixed alloy has better corrosion resistance apparent-
1y because it ensures both better adhesion between the Pd and Ti (vs..
,evaporated'film), and higher surface concentration of Pd (vs. implanted
Pd). Similar observations have been made by Fedrizzi et al. (1985) on
the corrosion resistance of jon-beam-mixed Ni-Sn_alloys and by Matteson
(1985) on the corrosion and oxidation of A1/C alloys produced by ion ~

irradiation.
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‘2.3 Electrocatalysis and water electrolysis - ' R

FoIIowﬁng thé energy crunch of the 1970's, intéresf in aitérnatiye
energy sources to fossil fuels increased dramatically. .One such attract- -
jve non-fossil source is the generation of power by fuel cells. Fuel.
cells are particularly attractive because fhey require little or no moving
paété, Tittle skilled iabor to mai;fafn and the by-prodﬁct (water)
is non-polluting. Thé feed materia]s~(hydfogen and oxyggn) can be economic-
ally produced.frbm a cheap renewable resource; water. In addition jncreased
demands fbr hydrogen.for use by.the fertilizer, chemi¢a1 and other indus-
tries in the face of dwindling fossil sources means that bulk generation
of hydrogen via the electrolysis of water will continue to be important.
A]though the electrolysis of water is potentially a reversible process, the
ef?ﬁciency is 1imited by the depértufe of the electrodes from reversible

behavior. ' >,

L

The parameter of importance in evaluating water electrolysis cells

is the magnitude of the cell voltage which is composed of the various con-

tributions (Leroy et al 1978) shown by

E= Erev * a * nC * nohm

where Erev is the thermodynamié decomposition voltage, Ny is the departure
of the anode electrode potentiaf from the reversible value (anodic over-

‘Dotentiai), e is the cathode overpotentia]'and‘nohm is the ohmic drop in

 the e]gqtto]yte between the anode and cathode. Table 2!2 shows typical

values of the components of water electrolysis cell voltage.
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Table 2.2 Typical components of hatgr e]ectro]ys1s ce11 voltage
current density 150 mA/cm 75 C. Source: (Bockris.

et al 1981)
- Efev = 1,19V .
) My = 0.40V | ‘
ne - = 0.30 : A
Nomm = 0.25 V
=2.14 V

Cell voltage

The electrode overpotentials lead to additional losses in the cell in ad-
dition to those incurred by the resistance of the cell. For any fixed
current through the cell however, the overpotential varies with the chosen
electrode material according to its properties as.an electrocatalyst and
can be greatly reduced_by using cértain metals.

The kinetics of electrode processes will be discussed in chapter 4;
here we simply note that there are two contributions to the electrdchemi-
cal polarization of an electrode: activation and concentration po1érizat-
ions. In the absence of concentration polarization, the‘elecérode-over-
potential is determined solely by activation polarization. Activation
polarization refers to electrochemical reactions which are controlied by
a slow step in the reaction sequence. During Hz-evo1ution this slow step
may be e1ecfron transfer or the formation of hydrogen molecules. The

activation oveﬁpotentiai, na; is given by the Tafel equation {Bockris 1969)

_ $2.303 RT log -~ a

= (2.1)
0

a anF i

where R is gas constant, T is temperature, « is a transfer coefficient,

n is number of electrons involved in the reaction, F is the Faraday constant,
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i is,thg‘current density_and io ié the exéhange current density and des-

cribes the rate of oxidation and reduction reactions at an equilibrium

electrode. The + is for anodic overpotential and - for'céihodic,oyé;—i

potential.

~Eq. (2.1) can be written as. -

n=a+b log i ' (2.2)

where ] . 2.303RT .
. a = S50F - log g :

b = 2.303RT
= S

= is a constant called the Tafel slope.

Fig. é.s shows ~the plot of n vs log i for a'hydrogen electrode. Atfthe |

reversible potential, the overpotential n=20 and the oxidatﬁpn{reduction
. . T

‘reactions proceed at an equal rate given by 10.' 10 is a property.of the

“electrode material and varies widely, for any particular reaction, from

one material to another. For example for the H/H+ reaction 10 varies

from 10'3 A/cm2 for Pt to 10']2 A/cm2 for Hg (Fontana et al 1978). Ma-

'terials like Pt with high exchange current densities are then the better

glectrocatalysts for such reactions.

2.3.1 Overpotential of the oxygen evolution reaction

The dxygen evolution reaction on metals and alloys has been studied
by several groups e.g. Damjandvic et al (1966) (Rh, Ir and Pt-Rh alloy),
Appleby et al. (1978) (Pt, Ir and Ni) and Miles (1975) (se?efa] metals).
Thesé studies show that Ni and the noble metals Rh, Pd, Ir and Pt have
minimum overpotentiaTs_for éhe oxygen evolution reaction especially in

concentrated a1ka1i;so1utions. It is therefore not surprising that most

‘commercial electrolyzers now empicy Ni or anodized Ni as elect;ode material.
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a hydrogen electrode.
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Akano et a2l (1980) and Thompson et al (19@2}-have attempted to re-
duce the oxygen overvoitage on Ni e1ectfodés by implanting various noble

metals into'Ni. Their results indjcate'that except for Ag no appreciable
reduction of overpotential results from noble mé;a1 alloying of nickel. oL
Even more important is their observation that in every case loss of |

the noble metal into solution occured over_the twolday test peri&g,

the 1655 ranging from 90% for Ru to 12% for impi}nted Pt.‘ The a]Tdying
additions remaining within the electrode were observed to be buried deep
beneath a nickel oxide layer and therefore not availa?]e to cataiyse the

oxygen evolution reaction. These results (Miles (1975), Appleby (1978),

Akano (1981) aﬁd Thompson_(TSSZ))- indicate that noble metal catalysis

for oiygen evolution in strongly alkaline so?utions at elevated tempera-

tures is unnecessary, and that nickel or anodized ;igke1‘e1ectrodes

probably represent the most effective surface forith{s reaction. Recent
results by Baléj (1985) on the electrocatalysisof oxygen evolution on

various mixed oxide electrodes confirms that nickel anodes have by far

the Towest overvoltage.

2.3.2 OQverpotential of the hvdrogen evolution reaction

The cathode activation potential (nc) contribution to the overall
-

cell voltage is given, in generai, by the Tafel equation {£q. (2.1)
(Bockris and Reddy (1970))

_ 2.303R7 a
¢ af log ‘IO
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Because the overpotentfaI associated with theApydrogen evolution reaction
is 1ess than that assoeiated with the oxygen evo1uiion reaction,'the in-

- ducement to deveTop better cathode e]ectrocatalysts has been 1ack1ng

.

- ,'o

Reduct1on in the overpotent1a1 at high current dens1t1es is pessible
py'wprkjng at high pressuresfs1nce this reduces the gas bubble’ diameter .
and conséquént1& the ovéra]%-ohmic_drop betweeﬁ the electrodes. kTEis re-.
~ duction in cell potential however amounts to ~ 100 mV at 100 atmospheres  *
- for 25% KOH (Bockris et al-1983). Further performance gains can be ob-
~ tained by increasing the operating temperature Miles et al. (19?6) have-
stud1ed the, 1nf1uence of temperature on the kinetic parameters for the

[

hydrogen and oxygen evolution reactions on Ni e1ectrodes in 50 w/o KOH

\

so]utjon. The Tafel lines indicate an improvement in exchange current
density, io, with inereasjng tempe;ature, espetie]ly for the oxygen evo-.
- lution reaction and 1ess $0 for‘the hydrogen evolution. An additional
. problem-.associated with working at h1gher temperatures is the stab111ty
of the seperator mater1a1 in use with current commerc1a1 electrolysers.
In order to obta1n the.evolved gases in a reasonably pure and safe condit-
ion, a semi-permeable diaphragm is usually placed between the electrodes
to prevent the gases mixing. The diap;ragm material used should have TOQf .
ohmic resistance in the electrolyte, be resistant to chemical attack in
the-electrolyte and its cost must be reasonable. Woven asbestos fibre
_ ... — cloth is almost always used as d1aphragm because 1t meets all these requ1re-
ments. However abovb 0° C, it is not very stabTe (Sr1n1vasan et al. 1977)
and operating the ch)/at higher temperatures w11] mean, therefore, find-

ing a replacement for asbestos in its present form as a separator material.

For cells operating at low temperatures (~ 80°C), major reduction in. L
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electréde'overpotentiaIS, especia11y of the hydrbgen e]ectrddé. will

requ1re an 1mproved e1ectrocata1yst in con3unct1on perhaps w1th hugher

- .
".. ¢,

" area e1ectrodes S

2.3.3 Electrocatalysis of the hydrogen evolution reaction

As pointed out in section-2.2.1, the. exchangé current density i
descr1bes the rate at wh1ch a part1cu1ar react1on proceeds on an elec-
trode at equ111br1um potent1a1 The rate-at any given potent1a1 is given
.by.the curﬁent density i through-the cell at that potential. The electro-
catalytic aqtivity of an electrode for a parﬁicular rgaction is ;hen the
rate (i cm‘z)‘at whicﬁ that reaction proceeds, at a given potential on the
electrode. The EeTaéive cata%ytic—activity'of the two electrodes is then
given by the relative current densities measured on the electrodes at the
samé potential. ‘ _

~ Schuldiner et 51.(1957) have studieé.the hydrogen evolufion react-
jon on-Au, Pd and a series of Au/Pd alloys in 2N H2804 solution. The
attoys }ange in composition from 19% to 100% Au. They bbserved that for
Pd concentration < 50%, the overpotent1a1 oﬁdtﬂé a110y is the same as on
hure goid, ‘while fﬁr.Pd concentrat1on > 50% the overpotentlaT decreases
rapidly towérds that'éf pure Pd. Similar hydrogen overvoltage‘meqsurements
in acid solutions on Ni, Pd and a series of Ni/Pd a110y§ have been made
by Hoare et al. (1958). On .the pure elements (Fig. 2.7} the measured
Tafel slopes wereiégpmvfdecade and 120 mV/decade for Pd and Ni respectively.
It is interesting:that all the alloys includ{ng those with Tow Pd;content
show the same Tafel slope as pure Pd, namely 40 mV/decade. Fig. 2.7 shows

that the largest reduction in'overpotentia] was exhibited by alloys with

o

A
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Pd content f 75%, the reduction increasingplinearly;with Pd content. For.

Pd content < 75%, the cata1ytic activity is relative1y‘1ow but much higher

“than for nickel and is weakly dependent on Pd concentrat1on Measurements

by Hoare et al. (1960) of the hydrogen evoiut1on reaction in 2N H2504 on

Rh, Pd and Rh-Pd alloys show the hydrogen potentia1 of Rh cathodes can

be reduced by systematic additions of Pd. Damjanovic et al. (1966) have

atso shown that a Rh-80% Pt cathode behaves essentiai]y.as e Pt electrdde

for hyd;ogen evolution in KOH eolution. | .
Bockris et 51.(1953) have also measured-the overpotential of the

hydrogen evoiution redctionon Ni-Pd, Ni-Pt, Au-Pd, Au-Pt and Pt-Pd alloys

in 1N sto and 0.1 N NaOH solutions. For the Au afloys the exchande

-5

current density Jaried from < 10 A/cm2 for pure Au.to “ 10'3 A/cm2 for

pure Pt or.Pd in both acid and alkaline solutions. Similar results were
obtained for Pt-Ni and Pd-Ni, the exchange current density varying linear-
-3

1y with composition from ~ 10'6 A/cm2 for pure Ni to ~ 10 -A/cm2 for pure

Pd (or Pt} Fig. 2 8). Most of the early work on the catalysis of the hydro-

ff
"gen evolution was carried out in acwd solution or dilute alkali solution.

The bulk of this work has been reviewed by Brooman and Kuhn (1975).. Miles
(1975) has evaluated the electrocatalytic actiﬁfty of a whole range of ele-
- ments in strong alkali solutions (30% KOH) and SOOC. The_most striking
%;ature is the periodic variation of the hydrogen overpotential with atomic
number of the e1ements,‘Fig. 2.9. As expected Pd and Pt are.the best

catalysts for the hydrogen evolution reaction while Hf and Hg are the

- worst. Similar observations have been made by Kita (1966). -
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Despite ﬁhe overwhelming evﬁ&éﬁce-that noble metals like Pt'or Pd
can cata1yze the hydrogen evolution react1on the search for novel cathode
mater1a1s has for all intents and purposes’ ignored the noble meta]s.

This is mainly because the relative cost of these metals makes bulk alloys
a ratﬁer expensive'proposition. Instead hydrogen electrocatalysts tested
to date inc1qde fhé mixed transition méta1 oxides, cobalt molybdate
(CoMoU4), prepared by a thermal treatment (Rpp]eby_1978), piated metals
and alioys, e.g. Fe, Ni, W and Ni-SO% Co alloy electrodeposits on mild
steel (Gonzalez 1980); Others include metal sulfides (e.g. nickel sul- _
fides) prepared'eIéefrochemicaTIy on smooth nickel plates {Prigent

1978) and metal borides, typically nickel borides, (Ni,3) with and
without noble metal catalyst léading (Jurray 1980).

2.3.4 Ion beam processing of eTectrocaﬁalysts
‘ The principles and techniques of 1on implantation and ion beam
nixing'will be discussed in chapter 3 Here we s1mp1y state the salient
potential advantages of ion 1mp1antat1on and ion beam mixing. Since e]ec-
trocatalysis is essentially a surface effect, bulk alloying of noble metal
to produce better catalysts is not necéssary and only the near surface re-
gion need be so modified. The pbwer of the ion imp1antatjon technique
lies in the fact that it allows any solid target to be'injectéa with any
impurity_or alloying element to the level of a few atomic percent. Tﬁé—
surface alloy composition achievable by ion implantation is limited to a

few perceﬁt of implant due to sputtering. Higher concentrations are pos-
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sible through the proées§ of jon beam mixing. In this process, a thin
evaporatea Tayer (10-507nﬁ) of_an alloying e1ément is evaporatéd bn the
surface of the substrate. A beam of energetic ionﬁ, usually inert gas ions
(AE+, Kr+, etc.), is used to bombard the composite target. By momentum
transfer an intermixing of the elements proceeds resulting in an alloyed

surface layer which may be equi]ibrium, metastable solid solutions or

‘amarphous phases.

a) lIon implanted electrocatalysts

Although electrocatalysis would appear to be a very exciting poten-.
fial application of ion implantation, very little wofk has been published
| in ;ﬁis area. Voinov et al.(1974) observed a considerable increase in the
hydrogen oxidation rate on platinum-implantedjcarbon e]eetrodes, the activity
being dependent on thé.amount of platinum at-the surface. Grenness et al.
(1974) implanted tungsten and tungsten o§ide electrodes with 200 Ke%‘RF+
16 wns c:-m'2

jons to doses ranging from 0.2 - 2x10 and studied the catalytic

‘activity of the electrodes for the hydrogen évolution reaction in 1M H,SO

274"
15 ot 2, the catalytic

_They foupd that even for doses as low as 2x10
activity of the electrodes iﬁcreased by orders of magnitude and approached

that of platinum itse1f; Thp activity of the Pt-iép]antéd anodized tungsten
was however bonsiderab]y higher than that of Pt-implanted unanodized tungs- .'
ten. In a simi]ar:study Ferber et al, (1980) have measured the overpoten-
tials for the hydrogen evolution reaction on ion-implanted Fe electrodes
in HZSO4. The Fe electrodes were fmp];nted with Ne, Ar, Cu, Pb and Au_

17 2

ions to doses ranging from 0.05- 1x10'’ ions cm . They.found that Pb

implantation led to a reduction of the electrode activity while Ne™ and
¢



31

cut had 1ittle effect. Au+ implantation on the other han& enhanced the
actiyifx of the Fe electr de for Hzreyolu ion by a factor of up t0.10. |

In 2 related study, Kasten et al. {1980) studied the electro-
catalytic activity of Pt-implanted Fe and compared the resu?tslwith pure
Fe and iron with a monolayer coverage of piatinum. The current densities
measured for the hydrogen evolution froﬁ acid SOlﬁtions with thesé elec-'.
trode$ as cathodes are shown in Fig. 2.10. It can be seen that the im-

16 2

plantation of 10~ Pt-jons cm “ leads to an increase of the catalytic .

activity of ipon‘for the hydrogen evolution by several orders ‘of magnitude.
' The activity approaches easily the one for smooth p]atipum- Though the
Pt content in the surface layer is only ~ 10 at.¥, the high dose implants
have higﬁer activity than smooth Pt. For the electrodes with monolayer
coverages of ?t, their activities are also higher than for pure Fe, but
well below either the Pt-implanted iron or smooth pfatinﬂm.

“b'Grady et al. {1981) have also studied the.e1gctrocata1ytic acti;
vity of Pt-implanted Rqu electrodes, and Rabette et al (1979) that of Pt-
imp]anféd‘A1203 electrodes. A brief summary of the e]ectrocata1ys{s at
jon implanted electrodes has been.discussed by Wolf (1979).

A review of the sﬁbject has been recently given by Wolf (1981)
'Table 2.3 gives a summary of some of the work on jon implantation'in eleé-
trdcatalysis. Thié review shows that a majority of the published works
on the electrocat§1ysis of imp]aﬁted electrodes have been concerned with
Pt as the implanfed cata1yst, and deservedly so_becauée of 1ts well known
high'EataIytic activity for the H-vedox reaction. Almost all of these
works wer;ﬁgnso in acids and few in concentrated aikalj so1uti6ns. The

+

_results in geheral show that order of magnitude increases in activity can
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be obtainéd by the impTantation of .beneficial materials' HOWever Timita-

t1ons to- maximum ach1evable concentration by d1rect 1mp1antat1on p1us the
fact that ‘the 1mp1anted spec1es may not be 1mmed1ate1y ava11ab1e at the
e1ectr0de surface to cqta]gze the reaqt1on.represent a 1imitation.of the
"technique. Grenness et al. (1974) in their work,on‘?tefmp1anted W found
-that the electrodes had to be subjected to sgveral conditioning po1arizgt-'

jon sweeps béfore_thé electrodes would exhibit their full catély%ic power.

It is quite possible that the W gradua11y.dissolvgd during the recondition- -

ing'process,thereby eventuél1y-making the implanted Pt avai1ab1e at the
. electrode surface The fa11ure to recond1t1on the electrodes is possub]y
why no 1ncreased act1v1ty was cobtained for Pt-implanted Cu and Au for

b

Hz-evo1ut1on (Wolf, 1979).

b) Ion mixing and electrocatalysis '

One .way to overcome the concéntration Timitations is to form the
sample a]Ibys by ion-beam mixing. For such electrodes the surféce concen-
tration can be high, and ‘the.electrocatalystis immediately available at the
surface to provide sites fof the reaction. Such electrodes have been stu-
died by Wolf et aT.'(1982). They studied the polarization behaviour of Pt-
implanted carbon and Ar{Kr) ion-mixed carbon-piatinum electrodes for the
hydrqgen redox reactipn. It was. shown that the activity of ion-beam-

mixed cérbon/Pt for the'hydroéen redox-reaction was considerably hfgher
' than for Pt-impianted carbon (Fig; 2.11). In a similar study Munn et al;
(1985) studied the polarization ‘behaviour of Ti, titanium covered w1th
thin film Pd, Pd- 1mp1anted Ti and Ti/Pd surface alloy produced by Yon
beam mixing w1th Ar and Kr ions. The test reaction was Hz-evoTut1on in

-~

20% H2504. The cathodic current density (~ 1800 A‘m'z) obtained on the
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1on-beam'm+xed T%/Pd,electrode’is a factor of 4 higher ﬁhan that on the '

Pd-1mpianted electrode, and almost an. order of magnitude higher than that
of evaporated Pd. These studies suggest that electrocatalysts fabri-

cated.by;ion-beam mixing are probab]y superior to those‘fabricated by

direct implantation of the—catalyst.

—

2.4 - Some relevant properties of Ni and Pd

The electrode chosen for this work is Ni. This cho1ce is due to

i the good corrosion and cata1yt1c propertzes of N1 -and also because of its re-

1at1ve1y low cost compared to the other excellent electrocatalysts (e.g.
Pt). As po1ntedaout in the prev1ous pages.N1 is now the accepted eIec-
trode mater1a1 in commercial electrolysers using strong KOH solutions,

ano in fueI'celie. Ni has 2 outennost\e]ectroos and its d-shell is elec-
tron deficient. This causes certain pecularities in the formation of Ni --
compounds and metallic alloys. Its onlyz#pown crystal structure is f.c.c.

with 1at;1ce parameter a ~ 3.52 A It has very To:vfgpm1cai act1v1tj and

' forms a thin protectnve oxide (Ni0) at room temperafure. As a catalyst,

it is the most_act1ve (Korn110v 1963) in the 4th period jn reactions with
H and 0. Five natural isotopes of Ni are known with 58Ni being the most
abundant (% 68%). | |

Palladium (Pd) with atomic number Z= 46, mass number M = 106 is a
member of the Pt group of metaIs‘and is akin to Pt in genera] appearance.
It has a silvery lustre and is extremely malleable and ductile. Its anly
hnown crystal structure is fcc with Jattice constant a = 3.89 E (at 20°c),

number d&nsi ty 6.8x10%2 at-am™> ‘and melting point of 1552°¢C. Pd is
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Table 2.4: - Some physical properties of‘Ni,and Pd

38

Parameter | - \ . N3 - Pd
" Atomic number . ‘ T | 28 46 .
"Mass-numﬁer o . 58 106
NimbEr dénsity/cm® (¥ 10%%) 9.14 6.8
f-L;ttice constant, nm 0.35 O.3§
Melting point, °C ' ‘ ' 1453 1552
" Crystal structure o . | fece fee
o Vahgncy fogmatioﬁ energy; ev L ‘_ 1.33-1.86
Vac. migration energy, eV 1.38-1.5%
Interstitial formation energy, eV ‘ q®
B Interstitial migration energy, eV 0.15¢

a. Seeger et al. (1970)
b. Bakker H. {1968}

c. Lampért et al. (1972)



~.gehera11y }eéfsténtsto attéék'by'a éonsi&enab]e nﬁmbér of inﬁuStriaT cheti-"
caTs ‘It is.the I1ghtest and 1east expensive of the Pt group, meta1s. Pd is
w1de1y used for e1ectr1ca1 contacts because it 1s usua11y free of tarn1sh
As a cata?yst 1t i the most effect1ve, espec1a11y in f1ne1y d1s-

.persed form, in hydrogenat1ng 11qu1d and gaseous phase reactions, for

' examp]e the production of ethy1ene from acetylene.(S1mons; 1967). It
is‘widely uﬁed in the recombination of‘hydrogen and oxygen'and‘in the

~ production-of pure H2 by-diffusidn of hydrcgen‘throuéh Pd membranés. Pd
adsorbs considerable amounts 6f-hyarogen ﬁhich it readily take§ up to the
extent of 800~ 900 times its own vo1umevat room temperature. In tﬁis re-
gard Pd and its alloys are potentié] candidates for.hy@rogen storage from
which the hydrogen ;an later.be éxtracted for use as fuel by change of pres-

sure or temperature (H.C. Angus 1981). Table 2.4 ]ists some of the rele-

vant physical ptbperties of Ni and-Pd.

2.4.1 Ni-Pd alloys

A continuous series of so]id solutions cryst$1Jiie from Ni-Pd melts -
(Fig. 2.12).' In X-ray studies of Ni-Pd alloys containing from 0- 100%-Pd,
Hultgren et al 61939) observed that‘ail the alloys were tcc under all
annétiing conditions. No compoﬁnds, superlattices or miscibility gaps
were detected tn annealing periods as long as 2 weeks at 600°C and 3 weekg
at 400°C, as weil‘as slow cooling from 600°C for a pgriod of 15 days. The
| lattice constants vary smoothly from pure Ni {3.52 E) to pure Pd (3.89 R)
with a positive deviation from Vegard's law of additivity of atomic radii
.(Fig. 2.12). Similar measurements bj Bid@e11 (1964) over a temperature

range from 25°C to 900°C confirm the conclusions of Hultgren et al.
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. . CHAPTER3 - . .-
. ION BEAM MIXING

In this chapter the‘concept; of.aﬁd the processés'1eading to the
intermixing of’1éyered solids byrioﬁ ifraﬂiatidn are discussed. The
basic concepts of jon beam mixing ate discussed in section 3.1. Since
jon mixing is a special case of the kiqetic procéssés oécurring during’
ion bombardment, the theory of atomic collision in solids relevant to

" the jon beam mixing process will be given;in section 3.2. Tﬁen in
sect%on'3.3 the various hechanisms thoughf to contfibute tc ion beam

“mixing are reviewed. Fi " in section 3.4 the.availablé experimental

data on ion mixing are reviewed and compared with the theoretical models.

-

3.1 Concept of Ion Beam Mixing

When energetic ions impact upon a sd]id they debosit energy in thé
material via collisions with £he atoms and e1gcfrons of the solid. One /)-;\
t0nseQUence of the energy transfer to target atoms is the_;réatiOn-qf Y

~cascade of moving atoms. If the ion energy is high enough so that the ion
pehetrates béyond t@e interféce between two materials, A and B,.the re-
coiling atoms created near the interface may have sufficient energy to
cross the interface. The result is the inténnixing of A and B atoms in
Ehe interface region. The sample configu?atfsns commonly employed in the
study of ion beam mixing are shown in Fig. 3.1. In Fig. 3.f(a) a thin
marker of element A is sandwiched between 2 layers of B material. Typical
thicknesses of tayer A are ~ 1 nm so tﬁat the system then approximates
the spreading of impurity A (fd]lowing ion irradiation) in a matrix

40
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) hade\up largely of B atoms. _
| The second type of Qeometry_is shown in Fig. 3.1(b). A thin film
of element A is evaporated onto substrate B; the thickness of A should be
less than the range of the bombafd%ng ion. A'and B then form a\semii'
infiniée diffusion couple and are free to form continuous solid solutions,
intermediate phases or gpmpounds upon jon bombardment. The third sample
con%fguration nonnaT1y3employedri§ shown in Figq. 3.1(c)land consists of
alternate thin evaporated layers of A and B and the o#eral]_thickness
is less than the ion range. Because-A (or B) atoms now have to be
disptaced only over.a few interatomic distancég to be mixed into the other
layer, thié geometry représénts the most efficient mixing configura;ion.
NchT, non-equi1ibrﬁum alloys of any composition can be prepared simply by
varying thé ratio of the thicknesses-of A to B layers. Tsaur et al {1980)
have used this method to hroduce Ni-Ag alloys varyiﬁg in composition from
0-100% Ag'in an otherwise immiscib1e Ni-Ag system.

Before proceeding to describe the iqn beam mixing process and the
mechanisms thought to contribute to it, it is useful to consider the pro-
cess underpinning ion beamﬂaixing phenomena'.'nameiy interaction of ener-

getic heavy ions with solids which is now discussed in the next section.

3.2 Atomic Collisions in Solids

In this secticn the processes describing ion-solid interactions for
heavy keV jons are discussed. This discussion will include energy loss
processes and the resulting lattice damage produced by %ﬁe ions as they -
slow down in the target. The amount and naéure of such damage and éheir

annealing characteristics will also be discussed.
? e i
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3.2.1 Theory of Atomic Collisions . \ N

Certa%n assumptions are basic to" the theory o% atcmjc'coliisions in
solids: - o ' ; |

a) - The collision is binary, i.é._a movihg atom intgractipg‘withoné sta-
tionary atom ata time. This assumption will be.vaIfd provided the mean-
free-path between collisions >> the mean interatomic.spacing, d.

b) The collision can be described classically and is non-reTa;ivistic.
This is valid if the wavelength,),>> b, the distance of closest
approach in a head-on collision. |

c) .The eIast&c and inelastic energy loss processes can be considered
independent and separable. Elastic interactions._result {n both
momentum exchange and change of direction (scattering) while electro-

~ nic 1osses-are due to a cont;nuous énd gentle slowing-ddwn of the
ion through its interactions with electrons of the target atoms.
Momentum transfer to electrons is small because of the small mass
of the electroh;l consequent?y,e]ectrOnicA1csses_do not Tead to a

deflection ¢f the ion trajectory.

3.2.2 Elastic Collision Process

In Fig. 3.2 which shows the col]fsion orbit in the Laboratory (Lab)
and centre of mass (C.M.) systems,an .ion of mass M,,charge Zle and velocity
vy (energy E ) approaches an atomof mass HZ’ charge Zze whiéh is inifia]ly
at rest in the Lab frame of reference. During thé collision the ion trans-
fers kinetic energy T to the struck atom and-emefges with energy E' = E-T
at an angledﬁ relative to its initial direction. The struck atom MZ recoils

with kinetic energy T at an angle ¢, with respect to the initial ion tra-

jectory. Often, one needs to know the recoil energy T, the energy E'
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Fig. 3.2: a) A binary collision in the laboratory coordinate
system.

b) A binary collision in the centre of mass cocrdinate
system.
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of the part1c1e after scattering and the scatter1ng angle € in the

C.n. system " - g ‘ .

Us1ng the Iaws -of conservat1on of energy and momentum in the C.M.

system'we find that 2 g‘
LM T 2 | .
_fE sin : ‘ (3.1}
LTsinf g, (3.2)
where -
' 4”1”2 (3.3)
T,= E;yy and Y —= . - - (3.

Tm is the maximum possible energy transfer to MQ. The scattering angle 9

" in the C.M. system is

T g - : |
8 = m-2p { du — ' (3.4)

5 p %
AEITEREYS

where: p = impact parameter

MZE
E' =

M. +M

']2 a
2] -1
4y » Y =7 ' )
Q - . J
and s is the point of closest approach

V(r) is the interaction potential between the two partic]es;
The scattering angle o in the Lab is related to that in the C.M. by

- _sing ‘
tandy = TT-coseT - (3.5) -

-
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In general we need a detai1éd knowledge of all aspects of atdmiciéél-
lisions. 'Forlexample one wfshes to know-the number of recoils produced fn
the energy interval between T and T+dT and their spétja] distribufiéns. To
obtain this type of i;fonnation the!scatteridg:angie & must be known which'

-is possible only if a detailed knowledge of the interaction pbtential'v(r)
s known (Eq; (3.4)). . _ 7
~ The problem now ié a .judicious choice pf the interéction potential
V(r), valid over all impact parameters,since a wide range of impact para-

. . . ‘
meters are possible depending on jon-target combinations and ion energies.

3.2.3 Iﬁteraction Potentjals

The collisions of interést between energetic moving ions-and target
atoms are those with impact parameter p << d, i.e. collisions for which the

interaction potentials V(r) are repuisive. Since the interaction potential

-

between two atoms depends on their separation r, we can define two reference

points on the scale of separation: 1) the Bohr radius a, {= 0.053 nm) of

0
the hydrogen atom. This gives a rough idea of the position of the atomic

. electron shells. 2) the interatomic spacing d { % 0.3 nm).

i) when r << ags the potential is due to the-interaction between
the bare nuclear charges Z1e and 22e and the potential is
h %

vir) = — (3.6)

essentially coulombic

i1) when 3g<r<d the inner electron shells overlap. The interact-
ion leads to 2 less repu1sfvé potential (compared to coulombic
potential) because of the electrostaticiscreening of the nuclear

charges by the innermost electrons. The,potential found ap-

N
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propriate in this range of separation is the Thomas-Fermi (1948)

-screened coulomb potential of the form 1} .
.. . 2

.2.e o ' o
Vi) =@ T E)

" where x(ga is the scréening funétion and

Cx(r=0) =1, y(rew) =0 ;

a is the Thomas-Fermi screening radius and’ is given (Lindhard et

al 1968) as

Y, k .
a = 0.88532,/(z7/3+2%/3%) " . | . (3.8)
C t. : Lo
—i4i+—At intermediate separations r=d, corresponding to Tow energy

ions, the Born-Meyer (1932) pbtential'of the form

& o V{r) = Ae-.Br

is often usedi_ A and B are constants.

3.2.4 Differential Cross-Sections <\

A particularly useful concept is that of differential cross-section.

The differential cross-section for particle séattering is defined as

-

dcn(s) = 2mpdp : ‘ (3.9)

such that-all paﬁtic1es falling on an area 27pdp at an impact ﬁarameter P,
will ‘be scattered through an angle between & and 6+d&, the relation between
dp and dé coming from Eq. (3.4) by differentiation. Knowing V(r) enables p
to be éxpressedlin terms of 8. Then using T f‘Tmsinz(gJ, p may be ex-
pressed in terms of T and consequently dcn, the differential cross-section

for collision with recoils in dT at T follows.

-

——
-



L1ndhard et al (1968) have so!ved Eq. (3 4) for & by assuming a

'Afpower-law approxtmat1on ‘to the Thomas-Ferm1 potent1a1 of the form,

V(r) =L
‘ - L | S
and obtained a dqfferent1a1 scatter1ng-cross sectwen for energy. transfer
T giveén by |
do: (T) = cE™™r~1-Mgr . O (3.10)
where “ : ‘ | m an .. .
: : M 27,2 ' . S o
«r =T 2,1 172 .
€=z ﬁné_-ﬁr) == (8.1
5 2 | . :
and ' » :
Khy—
_ m
A = 2m(-5 M)

This cross-section is cons1dered un1versaITy acceptable’ for %-< m< 1, the

value of m depend1ng on g where g is L1ndhard $ reduced energy parameter,

"given by

aM_E
€ =g ——2] . S (3.12)

While 510w1 g down in the target an ion loses energy at a rate -( )

to elastic (or nuclear) and ( to 1ne1ast1c (or electrontc) collision

processes. Though these

3 of process are correTated Lindhard and
Scharff (1961) have suggested that\they can be treated separately. Thus

the total energy loss per unit | th (- a§0-1s the sum of the nuclear and

electronic losses



—

T

-

Thé‘ion eﬁergy is thus shared?pétween nuclear and electroniC»fﬁteractions'

"
[N

E = v(E) + n(E) ‘
where v(E).and n(E) are the energies deposited into nuclear and electronic

interactions respectively.

i)r Nuclear Stopping
The eriergy loss Fesu1ting from.the interaction between the ircident

ion-and the screened nuclear.charge of the target atém is known as the

- elastic or nuclear energy loss, (dE) " This energy loss- is obtainable
. dR'y

from the scattering cross-section discussed in the previous section:
dE, TTm '
(3g) =N Td
dr’
0

(3.13)

P

where N is the atomic number density and Sn(E) is, by definition, the
stoppingrcrbss—sectiop.' A comprehenéive unified theory of .nuclear stopping
has been descriﬁed by Lindﬁard et al (1968) in terms of the réduced energy
parametgr, € and a dimensionless range, p = RNnazy. The result (Fig. 3.3)
is a universal nuc]éar stopping curve for Sn(e) for'all ion-target combi-
nétion§ and all eneréies.

"

‘ V - .

. ii) Electronic Stopping .

The energy loss résulting from the-}nteraction of the incident ion
and target electrons is called the electronic (or inelastic) energy.loss.
Three regions of inelastic stopping can be identified: the maximum interact-

jon between the ion and atom electrons occurs and the stopping is maximum

-

/e
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"Fig. 3.3: Nuclear and electronic stopbing powers in terms of the dimensionless
energy parameter €. Electronic stopping is given for K = O..15 and 1.5.
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when the ion velocity § ~ vBZ.|/3 (where Vg is the orbital velocity of the

hydrogen atom e?ectron) ji.e. ion velocity ~» K-shell eTectron veﬂoc1ty."
.Hhen vy > v 22/3 the coup;.ng between the jon and target electrons is
weaker, the stopping decreases with increasing part1c1e ve10c1ty and 15 _
giveﬁ by the Bethe-Bloch formula. At ve1ocitie5‘ahpropriate fo ioﬁ im-
planta;ion (v1‘§ VB $/3) the stopping is proport1ona1 to ion ve1oc1ty

and Lindhard et al (1961) show that “the stopping power can be expressed_ﬁs

(D) =Se(s)=-.Ke;5 : | (3.14)

-
-

'Typica]wvafue of K for ion implantation work i's ~ 0.1-0.2, fe. proviged
Z]/Z2 > 0.5. However because K depends‘on ion:target'combinations, no ‘
universal electronic stopping curve exiéts. Fié. 3.3 also shows Se(e) for
two values of K. At high energies (e > 10) typical of MeV light jons
electronic stdpping dominate while for 9.1 <e<2 tfpica] of keV heavy

ions both electronic and nuclear losses contribute to stopping.

3.2.6 Range and Damage Energy Distributions

The collisions leading to the energy losses described in the last
section are‘statistical in nature'since different ions will have a different
number énd sequence of collision events before they come to rest. Cohse—
quently there will be a Gaussian-like distribution of ion ranges and de-
posited elastic energy which gives rise to lattice damage and one can talk
about a mean jon range and mean damage range, aﬁd straggling quantities
which describe these distributions about their mean. The most u;eful
quantities are the projections of the mean range in the initial direction
of the fon (projected range) ﬁp and its straggling, AR, whilst for damage

< the distribution is described by the mean projected damége_range, ﬁD’ and
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ﬁ1t stragg11ng, ARD ]

A comprehens1ve treatment of the spat1al d1str1but1on of 1on ranges
_based on a linear transport equat1on stat1st1ca1 descr1pt1on has: been de-_
E veloped by-Ljndhard et al. (1963), and that of deposited energy~distribu-
‘tion by Winterbon et.al. (1970). "These descriptions *\]eard to ‘i.ntegra.'l -
equations from which the 5pétia1 moments of the range or deposited energy.
diséributions Can be obtained. The parii§u1ar gistribﬁtions_can then be
.constructed from théir-sﬁatia1 moments. For fons and energies typical of .. =~
ioﬁ implantatipn work, both the range and deposited energy distribution
are often close‘fo.Gauésian in shape. Consequently the Edggwdrth expansion,
a weighted Gaussian distribution, is coﬁmoh]y used because of its-siﬁp]icity.

o

For jons incident normal to target the normalized range distributions are

- -given by
- - (x-<x>)° !
F(x,E) = —& _ex —— fln ) {3.15) ,
' (21r02)-3§_e P 20 : € :

where . & % 1 for ion range and Ev(E) for damage
o® = <ax®> is the variance in depth and
<X> is the mean depth'corresponding respéctive]y to range or
- damage,
f(ne) is the Edgeworth-expan;ion weighting factor, where

o X=<X3
e o]

Fig. 3.4 shows an example of thé‘damage energy distribution for 120 keV

+ . . )
Ar' djons in Ni.
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Fig. 3.4: Damage energy distribution for 120 KeV Ar jons in Ni.



3. 2. 7 Number of D1sp1aced Atoms ' | _
. One consequence of energy depos1t1on into elast1c collis1on events is _
the d1sp1acement of atoms from the1r 1att1ce s1tes Such dlsp1acements have .Af
: 'far reach1ng ram1f1cat1ons on the propert1es of mater1a15 as they may 1ead
| d1rectﬂy to lattice damage and atomic m1x1ng and 1nd1rectly'twrad1atlon en- ,
.hanced diffu51on It is therefore of considerable 1nterest in the ion beam
,f‘*m1x1ng to know both the number and type of d1sp1aced atoms and their spa- ’
tial dustr1but1on produced 1n 1rrad1ated so11ds However, except in the
simplest cases where light part1c1e (electron) irradiation is used; it is
difficult to preﬂict the type and distribution of defects produced. Also, |
defects may be mobile at the irradiatioqﬂtemperature,1eading.to intersiti-
-tia1-vacaney recombination or migration to the external surface andrinterna1
surfaces like graﬁn boundaries and dislocations. Alternatively, defects -
. hay agglomerate to form compTéx defect c]usters' The net result is ‘that
the calculated defect concentrations and spat1a1 distributions may be vastly.
different from measured';alues, espec1a11y for heavy- ion irradiation.
Although no theory is avaiIable £0 predict the types and distribetions
ef defects produced, Sigmund (1§69) has developed a linear transport equa-

tion deécription which enables the number of defects produced'to-be evaluated.

In this description, the average number of recoiling atoms,'F(E,EO); set in

motion with initial energy E0 by a primary of energy £ >> EO is
FIELE,) = il . £ C (3.16)
AT G DI AT B R )
,. ‘ 0
where m is the exponent appearing in the power approximation to the:§catter#

ing cross-section and p{x) =.é%-2nr(x) is the digamma function. The average

number of Frenkel pairs produced can be obtained by integration in energy.
The Kinchin-Pease (1955) model specifies that a well defined threshold energy.
Ed must be transferred to a struck atom to permanently displace it from its

lattice site. Sigmund (1969) has mod1f1ed the Kinchin-Pease model by in-
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clddihé'the effect of replacement collisions and has determined that the
number," N, of displaced atoms per incident ion is

o _0.88v(E)E .
Ng 1—zeﬁ-’— S e

where v(E) is the fraction of incident ion energy E, deposited into elastic

coilisions.

-

-

3.2.8 The Nature of Radiation Damage in.Meta1s:

| Co]ﬁision theory estimates of the number of disp]aceg atoms given 1in
~the 1ast section are average Quantities and do not represent the effect of

a single ion. Neither does it predict the final state of Tattiée disorder,

Unless the temperature is sufficient]y Tow (typically ~ 4K) annealing of

damage by defect‘migration may occur. A charéctenistic feature of displace-

ments in metals is the large recombination volume of an isolated point

defect, of the order of 125 atomic volumes. Thus, Ed is determined bﬁ the

' energy lost to the environment by an atom trying to escape the retompination

volume. In high density cascades typicai of heavy ions in heavy metalé,
defect densities may become much higher than the stability limit detérmined
by the recombination vqumé;A Iﬁ such cases point defect annihilation by
mutﬁal recombinétion'of vécéncies and interstitials may result, or the
defect volume may collapse to vacancy and interstitial c]&sters (P. Sigmund

. (1968)). "Recent molecu]ar_dynamics ca]cu]atioﬁs for low energy displace-

-ment évents'(S_SOU eV) in Cu by King and Benedek (1983) and in Mo (Guinan
and Kinnez‘(1981)) ind%cafe that ~ 40 atoms change lattice-sites for

every Frenkel pair produced. This ratjo is likely to be significantly

L
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‘h1gher for. more energetic cascade events and 1n pre-damaged crystals S0
that the measured number of free defects may be orders of magnitude smai- -
er than the collision theory est1mates. Values as low as 10 =2 have been
'reported (Macht et al, 1985) for the fraction of freely m1grat1ng defects f
in Ni irradiated w1th N1 jons.

-
.
-

3.2.9 Radiation Damage in Ni and Pd

The nature and annealing characteristics of radiation-induced da-
mage in Ni and Pd have been studied by several authors - Nakagawa et al |
) (]97?) using thermal and fast. neutron irradiation, Horak and B]eeitt (1975)
with thermal and fast neutron irradiation), Khanna and Sonnenberg (1981)
usiﬁg'electron-1rradiation). Also Westmoreland et al (1975), Sprague et
al. (1974) and Chen et al (1972 1973) have stud1ed damage in Ni 1nduced by

S F
Ni 1on 1rrad1at1on

i) Electron Irradiation - : T

- Khanna and Sonnenberg (1981) studied the isochronal annealing be-
havior- of Ni wires irradiated at 4.5K with 3 MeV e1ectf0ns. Irradiation
with e]ectfons are of special interest because they are expected to d;oduce
only isolated simple defects. The maximum energy'khiCh can be transferred
to a nucleus by a re1ativistie electron of kinetic energy E is

26 (£+2m )

TITI = ——ME'Z—— 7 ’ ' (3.18)

where C is velocity of light, my is the rest mass of the electron and‘M
is the rest mass of the nucTeus,meC2 =-0.511 MeV and C2 = 931.5 MeV/a.m.u.,

so that the maximum energy transferrable to the nucleus by 3 MeV electrons
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is ~ 400 eV.- As discusse& {n previous sections, low energy'reéofls-are_‘
" favored so that most of the displacements oécgr much below Tm and sub- ‘
‘: stahfially well separated Frenkel pairs should result. The resulfs of
khanna et al show that the eTectricai re§istivity increasgd TinearTy with
eiectroﬁ dose. Their_anneaTing curves show a stage I récovery peak near
SSK, 2 complex.sidge IT recovery with a major peak at ~ 216K and a stage
iII péak.near 400K. AStage_I has been attributed to vacancy—jnterstitié?.
recombination wh{le-stage II is thought to be due to intefstitia1 annihi-
lation at s}nks. Stage III recovery has been attributed to vacancy
migration to sinks e.q. interstiti&] clusters. The activation energy for
stage III recovery was measured by Khanna to be 1.04:df04‘ev and: is in-
dependent of radiation d2§e and sample purity and remains constant through
the stage III temperature range in contraSt with va]ués obtained from;

quenching experiments (H. Mehrer 1965) where the activation energy ranged

from 0.9 to 1:27 eV.

ii) Neutron Irradiation

Damage induced Sy thermal and fast‘neutron irradiation df Ni and
Pd<haQe also been studied by Horak and Blewitt (1974) and Nakagawa et al
(197?). The samples were irradiated to different ftuences at 4.6K and
the recovery of irradiation induced resistivity was studied up to 700K.
In addition Horak et al.estimated the number of Frenkel pairs produced
'per neutron and found that the ratio of the measured to the calculated
defects producedis,0.39hand 0.33 for Ni and Pd respectively following ther-
mal neqtron irradiation. For fast ﬁéutron irradiation, the numbers are

even lower at ~ 0.2 and ~ 0.17 for Pd and Ni respectively. The values
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for fast neutron 1rrad1at1on are- con§1stent w1th the effect of defect
cascade size on the prt:ert1es of - mater1als ment1oned in section 3 2 8.
Indeed the worg of Nagakawa et al shows that the radiation induced resist--
ivity in both Ni and Pd is nonlinear and tends to a saturation level at

19 7em?). At high doses defect cascade

. high fast neutron doses (~ 1x10
. ' overlap becomes more probable and consequently leads to 1ncreased vacancy-
' 1nterst1t1a1 recomb1nat1on w1th1n the defect volume.
u - Fig. 3.5 shows the 1sochr0na1 res1st1v1ty recovery curves of thermal-
neutron irradiated Ni and Pd. For thermal neutron ir}adieted Ni, the
main stage I is found at ~ 55K similar to that observed by Horak et al.
fo; electron irrad{ation, and accounts for ~ 41% of the total recoveny.
lStage IT consists of several sub-peaks from 60 to 246K with a major peak
around ZTGK.T Stage II contributes an additional 47% recovery. Stage III
begins at -~ 250K and extends to ~ 400K,_.the major annealing procees in
stage III being due to long range vacancy migration: to annihiIatjon sinks
outside the cescade. Stage III recovery in fast neutron irradiated Ni is
characterized by vacancy-interstitial recombination as many of the vacan-
cies are tied up in clusters and consequently not-dvailable fo; long range.
diffusion. The annealing Behaeiour of irradiated Pd is similar and is shown

also in Fig. 3.5.

iii) Heavy lon Irradiation

Heavy jon ;irradiation damage jn Ni has also been sfddied by several
authors. Al-Tamimi et al (1985) for example have studied the stebiTity
of defects produced in singTe crystal Ni irradiated with 60 keV Sb+ and
120 keV¥ sz ions at 40K and 300K. The objective was to study the in-

fluence of . hﬂgh energy dens1ty cascades on the stability of defects produced.
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Sb; iﬁplantacion is expected'tc almost double the local energy densicy, 8, .
w:th1n the cascade surrounding each 1mpTanted ion (compared to Sb
lrad1at1on) without s1gn1ficant1y increasing the cascade d1mens1ons The

resuiting (damage was analysed by RBS/channeling technique with a 2 MeV 4He beam
Their results show that ’Br both 40K and 300K 1rrad1at1ons the reta1ned
damage is substantially higher for,Sb2A1rrad1at1qn than for Sb irradiat-
ion, especially at room‘temperature. This mﬁst mean'that a greater fract-
jon of defects produced-by Sb; irradiation are stable ajainst‘thermal anneal
than is the case for Sb" implantation. It is ccnceivab1e that the defects
produced by sz 1mplants are reta1ned #n the form of vacancy and 1nter-
stitial c]usters since the interstitials created are 11ke1y to be transport-
ed to greater distances than are the vacancies. Electron microscopy ob-
servationg by Norric (1969a,1969b) on Ni foils irradiated with 80-150 keV
heavy ions (Au+,Hg+) show thac Qacancy clusters were formed for low dose

15

irradiations (~ 10 m-z) while both vacancy and interstitia1 clusters

19 2).' Simitar observations

were observed for high dose irradiations {10
have been made by Chen et al. (1972) and Chen (1973) who irradiated Ni

foils with 100 kéV doubly-charged nickel jons.

3.3, Ion Beam Mixing Processes

It is now generally recognized that there are several basic me-
chanisms which may contribute to the ion beam mixing phenomenon. First,
baTTist%( or collisional mixing may be induced by recoil implantation and
ccllision cascades. In the process of slowing down, the ion transfers some
of its kinetic energy to target atoms via atomic collisions and causes

many displacements in the process. Oisplacements are terminated when the

-
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recoils do not receive sufficient energy to be displaced. This collision-
. . D
1

~al phase lasts for times of ~ 107~ sec. After the‘displaéement phase,

there is a relaxation ﬁhase (mllo' sec) .during which the recoils lose .
_their excess energy to the surrounding 1atti&e via lattice vibrations.
-Aﬁomic motion during this phase;is riﬁabm, sﬁbrt—rangg and confined es—.
sentially within the vicinity of the original cascade, and leads to a
thermal rearrangement of unstable defect configurations.via E]ose-pair
recombinétion. .Providéd thé collision Céscade is not so dense as to re-
duce the effective displacement energy (Thompson 1981), collisionally
fﬁahced‘mixing shou]ﬁfscaié;ﬁith FD’ the ion energy deposited per unit
length into elastic collisions, and s expected to be in&epgndent of
temperature. _

Beyond the collisional and relaxation phases, mobile defects gener- .
ated by the irradiafion may contribute to mixing by a diff9§jqn§1_pfocess:
This radiation-enhanced diffusion is thermally activated and therefore
depends on the substrate temperature. -

In the f6110wing,a brief exposition of the theoretical treatment of
these mixing mechanisms, and the observed mixing ratés in'differeﬁt systems
is given. The subject has been reviewed recently by Paine et al (1985),

Mayer (1981), Wang (1984} and Nicolet et al (1984).

3.3.1 Primary Recoil Mixing

During collision with the target atoms,large energies {(~keV) may be

transferred by the ion to some target atoms so that such atoms are directly re-

located a significant distance-and may be implanted beyond the interface. The
range of such high energy recoils compared to later generation of recoils

is large and.their contribution to &i;ing is usually observed as a deep



penetrating taii ) However as shown earlier (Eq (3 16)) the recoil dis- |
ltr1but1on has a 1/E —dependence on energy. Therefore, the maJor1ty of the
d1sp1acements w111 be due to 1ower energy h1gher order d1sp1acements. and\
the contribution of recoil implamtation to ion beam m1x1ng‘15 not expect-'
ed to be large. Theofetica1 treatments of recoil mixing have been given_
by Kelly et aJ,(ISéO) and Littmark et a1.(1980). These treatments predict
that under standard ion beam mixing conditions (overlayer thickness of

'severa1 tens of nanometers) recoil 1mp1antat1on contr1butes 11tt1e to ob-

served mixing.

3.3.2  Cascade Mixing

, §o11ision cascade mixing is the layer intermixjng resulting from 3
series of consecutive displacements of the atoms near the interface. It
is due primarily to 16w-energy later-generation recoils aﬁd it is isotrop~
ic and athermal. -

Though the m{xing process is not dif%usiona] in the classical sense,
most of the theoretical treatments of cascade mixing are based on diffus-
ional analogy. Haff et al (1977) for example, proposedla tﬁeoretica] mode]
based on diffusion in a gas. To approximate the model to solids, they as-
sumed that only a fract1on of the atoms along an ion damage track is ac-
tually undergoing trans1at1ona1 mop1on Their effective 'diffusion co-

efficient' is

1
- XU . R

T F (3.19)
~ . ’ : .
where ¢ is the ion flux, 2 is the mean distance between collisions,d is the cas-

cade aiameter, N is the matrix atomic density and FDis the energy deposited by

Iy



_ the ion- per unit 1ength at the 1nterface The prob]em thh th1s mode] 1sthat :

the three parameters 2, d and Ed can on]y be est1mated. Ed,_for example ’
is not known for most metals and is even 1ess known in the mixed, 1ayers._ L
Also, one “dan on1y mq#e crude est1mates of & and d, hence the model '

contains large uncertainties. ‘_' - An est1mate of D fot the spread-_ e

~

ing of a Pd marker in Ni induced by Ar—ir?adiatidn can be made with reason--
: o : Jon s

able values of 2,-d and Ed.-_A reesonable value for zlis sevéfél ihterJ

" atomic distances, say ~ 1 nm. For 120 keV Ar jons in N1, FD ~ 1400 eV/nm

and d ~ 20 nm (calculated from Winterbon (1970)). Andersen (1977) has

tabulated the Ed values for several elements and gives the effective dis-
- . : S -
placement energy for Ni ~ 30 eV. Thus Eq. (3.18) gives Ag % 2.1x10728
. .

cm®/ion which is about a factor of twenty grgater than measured (see Chapt-

er 6.1). Similar disagreement between this model and experiments has been

observed by Matteson et al (1979). A qualitatively similar model has been
proposed by Andersen {1979). -

A collisional mixing model based on the transport theory of the -

stopp1ng of energet1c particles in matter has been proposed by Sigmund et

al, {(1980). The model predicts that the mixing is dominated by contribu-

tions from low energy (eV) and high energy (keV) cascades of matrix re-

' co11s, the low energy contribution being dom1nant for doses of the order

|J?

16

of 10 It also pred1cts.a net mean shift of the impurity profile,

to the surface for heavy.impur{ties or to deeper depths for lighter im-

purities, as a result of the relocation of the matrix atoms past the mark-

-

er. Paine (1982) and Wang (1984) have compared the exper1menta1 spreading
g
of Pt markers in Si with the predictions of this model and found that the

low energy cascade model can underestimate the mixing by an order of mag-
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.n1tude; _Also the predicted mean 1mpurity sh1fts are rarely observed. and
| . ; when they are observed, the sh'lfts are generaﬂha the oppos1 te d1 rection
to that pred1cted (e g. Wang 1984)

Matteson (1981) proposed a cascade mixing model which 1nc1udes both
Iow and h1gh energy reco11 contr1but1ons In this random-walk model the
-~ mixing is due to the d1sp1acements of 1mpur1ty atoms (species 3) caused
by the matr1x atom recoils (species 2) initiafed by.the ion of species 1
_The recoil spectrum of species 3 within'the concepts of power law scatter-
| 1ng can be evaTuated by the methods described previously, and comb1ned

'.uxth a knowledge of .the 'mean square range of species 3 recoils in the

matrix species 2, leads to an analytical expression for the mixing para-

. meter
. : S cn Y1-m Emax -
- Nezly - M/ (4m=1) 932 23723 4m-2 \ 20
Dt = Ner®> = o3 w(?-ﬁf R Fo B, "dE, (3.20)
2 32 222 .
min ~

where the mean square range giﬁen by Sanders  (1968) of

*

-2 932 .. _am | '
.= £ , (3.21)
(n, )2 3 .

has been used. Emin can be taken to.be the displacement energy Ed, and

Emax Y]2Y23E The C 's are the coefficients in the power Iaw approxima-

tion to the scatter1ng cross-section

m222e22m -
=7, 3(];,‘-) (—1) - (3.22) -
J 1J

Matteson has suggested a piece-wise integration of Eq. (3.20) commensurate
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,.Lith_appropriate values of m: ‘m= 0 at. eV energtes m= 1/3 at. intermediate
energies and m = 1/2 at.higﬁer energies. Th1s mode1 seems ;to give a better

'est1mate, w1th1n a factor of two, of the observed m1x1ng of Pd markers in.

N1 (see Chap. 6 1}, and the m1x=ng of various impurities 1n Si (Matteson
1981). -

~

cefore reviewing the data on cascade*mixing and the- relevance of the
various models presented above we will first examine another process -that

may contribute to ion mixing, namely, radiation enhanced diffusion. °

w
- .

3.3.3 Radiation Enhanced Diffusion (RED) - @

Results on most mixing experiments indicate two temperature re-

-gimes - a low temperature regime where the mixing is independent of tempera-

tureanda.higher temeeratﬁre regime where the mixing shows a temperature
&ependence. The temperature eependente is generally thought to'be due to
en:;need-diffdsion due to radiationépreduced defects’. QRadiation enhances
diffusjon bas#cally in two ways: k%]) increased concentration. of mobile
point defects over and above the ther@afugzuiIibrium values and (2) acee- .
1erateq motion of the defects p055151y as a result of the jncreased Jump )

frequencies of the defects. . .

Enhanced self-diffusion in crystailine solids has been described

by Dienes and Damask (1958), Myexs et al. (1976), Myers (1980) and others. ;.'
:

In the formali;m of Dienes et al. (1958}, diffusion occggg?as a result of

'.motioﬁ of vacanciee;and ipterstitials and the enhanced diffusigﬁty is

given as - o )

- ) ‘.._‘ ’ X .. " \ . " .
g - Dac//’ e L. (6.23)

where DV_-_,;.CV are the diffusion coeff1;1ents and concentrations respect1ve1y

- ' /—v .
/J ‘

¥
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of Vacahcies and D ; C are for intefstitials. The problem then reduces
to estimating the values of C and (:1 under irradiation. The chemicai

rate theory description of these concentrations gives

A'\"'“at D, vC, * K=Ky, €4, stcsv(cv-cv) (3.29
aC; vé : ' : _
F G I L S Ks1cs1(c ) E (3.25)

where Cs is_the vacancy concentration without jrradiation, Kiv is the
irs,

rate constant for mutuaT'recombination'of'iﬁterstitial-vacandy
Ksi (KSV) are the rate constants for aqnihilation at fixed,sinks with
concentrations Cgi_and CSV‘ -KO is the defect production rate (éfomic
fra;ticn/sec) and can be estimated from thé.mddified-Kinchin—Pease
‘model. aKO then is the concentrat1on of freely migrating defects and is
usual]y << KO as d1scussed prev1ous1y. The annihilation rate constants
depend on the recombination vo{ume and the density of sinks sq;h as

dislocatjo’ns etc. Thus (F.S. Ham 1958) gave

- 47R, 4wR. D.
_ jv iv'i
Kiv = .(Di+DV) N — (3.26)
= ll!-'.'\'wa‘U:}_I
< v N

where RiQ is the radius of the recombination volume and Q is the atomic

volume and N the atomic density of material. Similarly

L 4WRVDV Dv- ’
CSV-.KSV— CSV‘ T - T - ) . (3 -27)
4nR_.D, D, :
- si71 _ 1 :
CoiKepr® Gy —F— =7 (3.28)

where 2 is the characteristic diffusion lepgth o an annealing sink.,

L g

8

“~
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A numerical solution £ equations (3.24) and (3.25) has been
"given by Myers (1976) but ‘they can be solved easily at ;téady-state
and whengpatialvaéiat ons 'in'CV and Ci'are small. 'In this case fhe
solution is simp]ified further: |

‘i) At high temperature where CS is high and vacancies are mobile

=p c°

Drad vV (3.29)

. 1.e. normal thermal diffusion dominates.
i) At intermediate temperatures when defects annihilate mostly at
fixed sinks then : b

i} 2"

so that Drad is independent of temperature and is-directly pfdpor-

tional to the defect production rate KOI“

111) At still-lower temperatures where defects annihilate by mutual re-
combination |
aKODV 2 : .
Drag = (“RivN) if only vacancie; are mobile (3.31)
or .
KD, % , .
- - . . .
Drad (Eﬁq;ﬂﬁ if only 1nter§t1t1als are mobile . ‘(3.32)

In this case Drad = Kg and is temperature-dependent with activation
energy Eé_= ET/Z (or E?/Z). Fig. 3.6 shows the temperature de-

pendence of Dpaq Measured on electron irradiated Ni.
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Fig. 3.6:. Temperature-dependence of the diffusion coefficient under
irradiation for electron irradiated Ni (Harkness et al. 1975).
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'3.3.4 Review of Ion Mixing Data

Most fonne of‘the tneorj of collisional mixiné predict a Tinear
dependence of the mixing parameter on f1uence ¢ and nuclear energy de-
pos1ted per ion per unit length, FD, in the target. Matteson's (1981)

model pred1cts an add1t1ona1 Jinear dependence on the maximum energy

_ transferable in matr1x-1mpur1ty collisions (Y15Y03E7 )

In the analysis of mixing experiments, the amount of mixing is
usually characterized by either the number of impurity atoms/ion which

has crossed the original interface, of a bilayer couple or by the in-

impurity source is sandwiched between two layers of matrix {Fig. 3.1a),
the impurity profile both before and after irradiation is often Gaussian
in shape and the mixing is characterized by the increased variance (Adz)

of the distribution following ion bombardment.

i) Fluence, ¢, Dependence

The Tinear-dependence on fluence predicted by many of the collision-

al mixing models is generally observed in both the marker and bilayer

systems. Fign 3.7 which shows the ¢¢dependence of the spreading of thin

Pt markers in Si (Paine 1982) is typical.- Similar observations have been
made on the mixing of Cu/Al couples (Besenbacher et al 1982), thin Au

markers in Ni and Au/Ni bilayers (Bottiger 1985) and the mixing of thin

Pt, Au, W, Fe and Ti in Al and A1203 matrix (Barz 1984). There are except-

ions however; for example the work of Clark et al, (1983) for Si in Ge which

shows a less than linear dependence on ¢, and that of Poker et al. {1984)

on Au/Si bilayers which shows a ¢2-dependence. Besenbacher et al also

. creased broadening of this interface. In the marker experiments; where a thin
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estimated the céntribution of direct recoil implantation tb the mixing of
Cu/A1icogp1es bombardéd with Qpﬁ'kev Xe+ jons. They foun& an e??iciency
(mixed atoms/ion) of ~ 0.25 atoms]ign for regoi]_mixing and ~ 12 atoms/

jon for cascade mixing thus confirming Littﬂhfk's’(lsso) prediétion that the

direct recoil implantation contribution to observed mixing is small.

ii) F-dependence

" Fig. 3.8 shows the FD-dependence for the m{xing of Au marker in Ni.
and for the mixing of Pt/Si bilayers. For the marker systems a 1inear'depeﬁd-
ence on FD is observed for Au markers in Ni (Bottiger et al j984). Similar’
linear dependence on FD was observed (Nicolet et al 1984) for various
markers in Aj, A1203; Si,'SiO2 irradiated with He, Ar, Kr and Xe ons.
For bilayers manylsystems with large F (> 3000 eV/nm) have been investi-
gated and 2 significant noniinear'dependence on FD has begn observed. Kr
and\Xe irradiation, for example,produce about a factor of 4 more effective
mixing in Pt.Si bilayer than He and Ne ir}adiation (Averback et al. 1984).

The mixing efficiencies also vary from system to system, even for

collisionally similar s}stems, andare'génera1ly higher than the value
predicted by many of the‘cascade‘mixing models (?ig..3.7). Westendorp
et al (1982) for example studied the mixing of collisionally simiiar
Cu/Au and Cu/¥ couples irradiated with 300 keV Kr ions at 300K. From the
point of viéw of collision cascade‘mixing Cu/Au and Cu/W are similar :.
‘systems because of the similar masses of Au ﬁnd W. Their rgsults show
(Fig. 3.9) that after a dose of 5x1015 cm.'2 an homoéeneously mixed
layer ~ 40 nm thick has occured in the Cu/Au couple while oniy a small

broadening {~ 3 nm) of the Cu/W interface was found after irradiation.
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Simi1ar ebsefvhtiens have been.made by Picraux ef al.(1982) concerning the
mixing of callisfonally similar Al/Sb and Al/Ag couples following 400 keV
Xe irradiation at 300K. They found mixing rates of ~ 0.56 Sb/ion for
A1/Sb and 2 6 Ag/1on for Al/Ag coupTes. The larger mixing cbserved for
Cu/Au and Al/Ag suggests that chemical dr1v1ng forces may play some roIe

in ion mixing since Cu/Au and A1/Ag are soluble systems whereas Cu/W and

'A1/Sb have negligible solubilities.

i) ,Temperature-dependence

Most of the data on the tempgrature dependénce of mixing show two
temperature regimes. Below a critsSEq\tempeeature TC, which depends on .

the system, observed mixing is generally iﬁdependent of temperature. Above

:.. '

‘-
»

Tc, the mixing increases strongly with temperature. This temperature-'
dehendent behaviour has been observed both in the marker and bilayer ex-
periments. Fig. 3.10,which shows the'temperature dependence of the mixing
of Ni films on Si (Averback 1982) irradiated with.250 keV Ar ions is
typical. It is independent of temperature between 10 and ~ ZOOK. Above
200K it becomes temperature dependent. Bottiger et al. (1985) have maee
similar observations in the mixing of Au markers in Ni and of’ N1/Au b1-
layers irradiated with 500 keV Xe or 150 keV Ar ions where the m1x1ng
is 1ndependent of temperature up to ~ 400K

The temperature independent mixing is usually ascribed to co111s1on-
ally induced mixing but as pointed out in the last section, chemical
driving forces may be playings role. The temperature dependent region is
believed to be due to contr1but1ons from purely thermaI effects and

radiation-enhanced diffusion. However the Ko-dependence predicted by

he'

Bt
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Eq. (3.29).have largely not been observed (Averback et.al.(1982). -
The available experimental d'ata'_on jon beam mixing have been re-
. . ”~
viewed by Mayer et al (1981), Matteson et al. (1983), Wang (1984) and
more recently by Paine et aT (1§85) and Averback (1986).

—_
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CHAPTER 4 .
* ANALYSIS TECHNIQUES.

4.1 Introduction

The main ana1ys1s techn1que used in this work for the character-
ization of the 1nterd1ffused layer is the backscattering of light MeV
fons (RBS). ATthough many bther analytical techn1ques, notably Auger

electron spectroscopy, SIMS and neutron activation (combined with sputter..
profiling) can give basically the same information and are frequently
“employed, the RBS technique is superior in certain respects.  Though not

as sensitive as SIMS or neutron activation it is capabie of proyiding“
guantitative infonngtion without recourse to standards. It is fast and,
because iﬁfbrmation on the depth distribution of any component can Se :

" obtained w1thout sectioning or ion sputtering, it dis essent1a]1y non-
desiEﬁct1ve It is particularly useful for jon-beam mixing studies
becéuse, in our case, in-situ ana]ys1s can be carried out immediately

following heavy ion bombardment. Combined with the channeling technsique

N
it can furnish information about the epitaxy of the evaporated layers on

single crystal substrates and fhe lattice Tocation of implanted oF
ion-beam mixed atoms. .
In section 4.2 the theoretical aspects of RBS will be g1ven Its
app11cat1on to the depth prof1]1ng of d1ffused species will be given in
section 4.3. 1In section 4.4 the principles of electrode overpotent1a1

measurements including the concepts of reference potentials will be given.

e
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.are conserved in the collision process the energy E] of the particle after’

o 18

PR

4.2 Rutherford backscattering spectroscopy (RBS)

Four basiE concepts'enter into the‘description of RBS and each -
-« -
confers special capabilities. . Fhe concept of kinematic factor and

mass 1dent1f1cat1on is discussed in 4.2.1 while the Rutherford scatter1ng
cross-section confers the capab111ty for quant1tat1ve analysis and is dis-

cussed in sect1on 3.2.2. The ability to obtain depth 1nformat1on‘1s

. Pr A
-accomplished via the energy loss process and the concept of stopping
cross-sections. This is discussed in 4.2.3. The ion energy straggiing,
which is discussed in 4.2.4, places a finite\]imit on the precision with

which energy losses and hence depths as well as mass identification can >
be resolved by RBS, | '
4.2.1 Kinematic factor .

When a beam of energetic light panticles (e;é. MeV ‘;fHe-+ ions) strikes

the surface of a target some of these will undergo widé angle e1astic,cof—
lisions with target atoms. The energy of the baékscattered paré{cles de-
pends on the mass and energy of the particle, the mass of its collision
partnef as well as on the scattering angle. Since both energy and mqmentum

scattering, can be obtained:

E, = KEg o (4.1)

where E, is the incident energy of the particle and K is the kinematic: v, "

factor and is given, in LAB system, by

FM 2s1n 8) +M1cose}2

Oy

- K= (4.2}

’ .
: &
- . ‘ )

D, . . R

> R
- . . .
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-.1thre M1 and MZ are the masses of the particle and the target atoms” respect-
ively. K depends only on ”1' MZ and &, so that by monitbring the energy of
tﬁe backscattered particles at a specific angie 8, the mass/masses and hence |
the identities of the atoms %n the target can be determined. When &= 1800.

K is miﬁimum. Most RBS facility.set-ups are such that the backscattered
particles are detected near 8 .= 180° (e.g. 1600) siﬁce this arrangement

" produces the Targest difference in K values (and hence the enerq;_separatjop)'
between two. types of atoms wﬁose'masses differ by a small amount. For a |
fixed § and same'prodectile,this separation and hence the mass resolution

can be improved by increasiné the projectile eﬁergy E0 consistent with the
Rutherford scattering law. For 4He+ particles and scattering angle 8= 1600..

the kinematic factor KNi = 0.7675 for Ni and K., = 0.8642 for Pd.

Pd
Fig. 4.1 shows a schemafic of the ‘beam, target and detector in a

typical backscattering experiment. The incident beam of MeV protons or

helium ions is coliimated with a set of apertures before sfriking the tar-

. get. A small fraction of these particles will backscétter'from the target

through wide angle collisions and be collected by a suitably placed particle

detector (typically a‘siIiCOn surface barrier detector) situatedat an angle

180-8 from the initial beam direction and subtending 2 solid angle dt at

the target.
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Fig. 4. Schematic diagram of the éxperimenta1 set-up for a

channeling-backscattering experiment

4.2.2 Rutherford scattering cross-section

For ion-target combinations having ¢ = a/b > 1 (¢ & 100) where ¢ is
Lindhard's reduced energy parameter (£q.(3.12}),the appropriate differential
scattering crcss-section is that given by the Rutherford formuia. In the

LAB system it is given by

-5 2
27 4142 d M 2

& 2560107 (D) sin™ () - Z(H';') + e (4.3)

dac

where E is the particle energy in MeV, 21, ZZ are the atomic numbers of

projectile and target respectively. This cross-section is appropriate for
. A

light energetic particles (e.g. 1-2 MeV protons or 0.5-3 MeV "HJ)

nteracting with soiids, since then the interaction between the two nuclei
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is well described by a fully unscreened collision. However, L’Ecuyér and
Davies (1980) have shown that for high iz atoms there is a small correct-
ion (up‘io 4%) to the Rutheﬁforq ﬁonnula.duq_to the screening effect of .

the outer and inner electrons. The scattering cross-section then is

Z,Z M, 2
do _ =27 ,S1%2 =48 501
o 1.296x10 (—E-—) .‘[sm 3 z(ng) + iF (4.4)
where F = 1 - 0.049 212’2‘/3/1000 E.
For 2 MeV “me* on Ni or Pd, this factor is almost-umity (v .995)

- The differential scattering cross-seétion is simply the probability
that a collision event will occur in which the incidenf particle is
scattered through an angle 9 into a solid angle d. The total number of
detected scattered particles, H, depends on the number Qf scattering
centres per unit area (NAx), the number of incident part%cTes. Q. the

collision cross-section and the solid angle subtended by the detector (ad):

H=(Nex)-Q-Seas (4.5) =

.

Thus, if %%-- A% and Q are knownnye can determine the areal density (Nax)

of the target atoms_simpTy by measuring the number of detected particles.
Equatidﬁf(d.d) shows that g%-has a Zg-dependenc?.so that the backscatter-
ing yield is high for high-Z elements, i.e. RBS‘is more sensitive to

heavy elements than to lighter ones.
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4 2.3 Energy loss and stopping cross-sections —

o

' Fig. 4.2 shows the RBS spectrum of a polished poiycrysta11ine Ni

sample obtained using 2 MeV He ions. The character1st1cs of this spectrum
c;; be evaluated by considering the schematic shown in Fig. 4. 3 When a
particle of energy E0 strikes the surface of the target it may undergo

wide angle collision with ‘surface atoms,and backscatter to the detector

' with energy E, given by Eq. 4.1. Those particles which penetrate be-

yond the surface lose energy to iomizatiom and excitation of target
atoms. If some of these backscatter from atoms located at depth

x the energy of the particles before scattering at x is Ez= EG- AEin where

AEin is the energy lost in penetrating the target. These particles then

backscatter with energy K(EO'AEin) and are detected at energy K(Eo-aEin)-
anut.where AEcut is the energy lost on the outward path. A continuous
spectrum of backscattered particles will therefore result for all energies
<E1' ' -

If S(E) is the electronic stopping power, we can calculate the

detected energy E(x) of those particles backscattering at depth x. For

normal incidence

X Q
£ (x} = K[Eqy - { S(E)dx] - { S(E)dx . (4.6)
9 X _
~ cosg
In “the surface approximation,ﬁhﬁch is valid for not too large ‘depths, the

stopping power for the inward path can be approximated by SGEO)‘and that

for the outgoing path can be evaluated at E, = KE0 i-e-S(KEO). Then

i

E; (x) = KIE, xs(”'h S(KEG) . - (4.7)

"TOSE
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" The difference in the detected enefgy'of particles backscattering from the
surface, and from depth x is then '

KEO-EI(x)- AE = (KS(EO)' cose S(KE )) x - (4.8)

If 6E is the energy per channel,the energy scale of Fig. 4.2 then becomes
an incremental depth scale $x.
GE

5x = I (4.9)
(KS(Ey) + m=s S(KEQ))

The total energy loss factor [S].is defined as

it

(31 = [KS(EYn) cose S(Eodf}] | > (4.10)
so that
= [Slax .

We can define a stopping cross-section factor ¢ such that ‘

AE = [elNax (4.11)

where

(2= [Ke(E, ) + —

in cosg <(E )] : (+.12)

out

The advantage of using [e] is that we do not need a knowledge of the tar-
get density and we can therefore treat a gaé or solid equivalently. It
alsc enables interpolation from one element to another to be more reliably
done when difect information is not available. The stopping cross-section
therefore makes direct conversion ¢f energy scale to a depth scale possible

and gives RBS its depth profiling capability.
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The kinematic factor for H and‘He scattering, the differential séét-
tering cross—sectigﬂpfdr H and Hé at various scattering angles and the
sfopping cross-seq@ﬁons for He of various energies are tabulated by Chu
et a1.(1978); Table 4.1 gives these parameters for Ni and Pd for a 2 MeV

He+ beam incident normal to the surface and a scattering angle 85_1600.

Table 4.1 Scattering Parameter for Ni and Pd

Paramater "Ni . Pd
K 0.7675 0.8642"-
& _ |.-28,cmd '
aﬁx 10 (S_t?) 1.07 2.9]
le] x 10'15(93—5553 131.2 181.88
0 atom -< .
Atomic Density, N 9 }4 . 6.8
22 3
(x107" at/em™)

4.2.4 Enerav straggling and depth resolution

There are two main contributions to the energy (and depth) resolut-
ion of the RBS technique. The first is due to the response function of
the detection system and is revealed as the finite slope of the surface
" edge near channel 340 in Fig. 4.2. For surface barrier detector this
energy resolution, AEL % 15 KeV (FEHH)-;hich then translates to the
equivalent depth;{esolution At through Eq. {4.17). For Ni or Pd target
and 2 MeV He+ jons‘and ¢ = 160° Atr = 12.2 nm for Ni and 12.1 nm for Pd .

\
at the surface.
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The second contribution is due to the statistical fluctuation in the
energy loss of the particfés as they penetrate the target, this fluctuation
being referred to as energy straggling. The energy straggling of light

energetic particles is given approximately by Bohr (1915) as

22 4y 242,
o5 = an(z,e%) Nz, t (4.13)

where t,iS the thickness of the target, and the stragg]ing.increases_with
layer thickness t or the electron density in the target. Experimentally,
- straggling shows up as a decre§sed slope of -the low energy edge of a
'fhin film spectrum. The slope of the lower energy edge near channel 370
in the Pd speétrum of Fig. 4.4 is due to both the system resolution, AEr.
and straggling, AES. In the Gaussian approximation, both contributions

add in quadrature, so that energy resolution is given by

2

2
(551) = (AEr)

2

+ (AES) (4.14)

In general the contribution of energy straggling to depth resoiution is
small amounting to ~ 3.6 KeV (v.2.9 nm) at a depth of 40 nm in Pd for

2 MeV He+ jons.

4.3 Depth profiling with RBS

For a sampie 1ike that shown in Fig. 4.4 which consists of two
elements, the particles backscattering from the A atoms and B atom at the
surface h{llee detected at energies.KAEO and KBFO respectively while those
particles béckscattering from deeper layers will have energies given by

Eq. (4.7). In the case of Fig. 4.4 which shows the RBS spectrum of a Ni
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samp1e with an overlayer q{ ~n 40 nm1 Pd, the peak at channel 385 is the Pd
signal while the Ni edge IT channel ~ 330 is shifted by ~.13 channels be-
Tow where 2 Ni signal would appear if Ni atoms were on the ace.
The height of the backscattering spectrum for scattering near the
surface of a pure- target made up of A atoms is given by
H“(E)-o (Eg)-dn - —3F (4.15)
A d:z ) A ' :
[e{Es)]
07°A
. where §E is the energy per chanﬁe1 of the detection system, Q is total
number of-incident particles and [e]i the stopping cross-section of pure
"'3. For part1c]es scattering from be]ow the surface do /dﬂ and [e]A =

evaluated.at energies just before scattering must be used:

A SE'
HA(E]) vl (EA) -dQ-Q - ﬁ (4.18)

whére EA is the particle energy just before scattering f;am‘A atoms, E1
-
is detected energy and SE' is energy/channel at depth x. According to
Eq. (4.3)
2 >

22 () = R (e )/—7. (4.17) .

aQ
There is an additional correction to SE ar1sihg from the fact that par-
ticles'with slightly different energies after scattering at x undergo
slightly different energy losses on their outward path. Chu et al- (1978)

have shown that the energy width of one channel at the surface, SE, is

related to the energy width/channel, SE', at depth x by

% = e(Ke,)/e(E,)

O
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Ao
ealKaEp) SE . (6.18)"

EA(El) . [E(E1 )]_i

do '
HA(E,) = o (E,)+dn-Q -

For a sample which consists of a.mi;ture-of A and B atoms, the spec-

trum height due to backscatter‘ir'rjom A atoms in the mixture is given by

- AB AB )
. v do N o - £ (K,E
© B ) = A (E,)-dn-Q e e —E T AR (409
AT T T A “AB (£ )10 EAB(E) | o
Al 1 .
Similarly for backscattering from B atoms
- AB AB
do N SE € (KeEq) -
T Mg (E) T g (e A5 ABKSB (4.20)
_ N (e(Eg)y e (E;)

where NQB' NQB are number of atoms of A and B respectively in the mixture,

) EAB(E) is the stopping cross-section for the mixture and evaluated at

énergy E. [e(E)]iB and [e(E)]gB are the total scattering cross-section for

fscattering off A and B atoms respectively. eAB is assumed to obey the

¢ e s . .
Bragg's rule of additivity of stopping cross-sections

AB AB
a5 Na Ng -
£ =NTB'EA+NA51€B (4.21)

In Eqs. (4.18-4.20) the term containing the ratio of the stopping
. cross-section‘is of order unity (for Ni/Pd alloys it varies from 1.07 for
100% Pd to 1.08 for 0% Pd} and can be neglected. Then the relative atom-
ic concentration of element A in 2 mixture of A/B can be determined by

Ap—

three different methods:

5

~
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i) from the ratio of the yield HﬁB of element A to that of element B,
"HSB in the same RBS spectrum (Eqs. (4.19) and (4.20))

do,
(&) E%:. [e(Eg)158 |
don ~AB
< ? .{;-B' (Eg) Ng le(EA)1g™ S~
- | .
do,
A AB
I U W " (6.22)
. 95 O (g .
@ (EB) "ATA N

_ ii) from the ratio of the spectra heights due to backscattering from A -

atoms in the A/B mixture to that due to A atoms in a pure A sample

h s A [£(€)13
L o s
) ' HA [E(E)]A —

iii) from the ratio of the spectra heights of B in the mixture to that

for pure element B

HSB = (1-C,) —TB-[E(ENE (4.24)
;i-g_ A [E(E)]B ‘

In Eqs. (4.23) and (4.24) two different spectra are involved - for pure A
{or B) and for the mixture. These different spectra must be taken under
identical conditions e.g. analysing beam current and detector dead time,
q&herwise the spectra he§§hts will carry different experimental errors

Yo the caiculated concentrations. In £q. (4.22), because only one

in

spectrum is involved,identical errors will.gxist in the yields of A or of
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B. In the three methods for calculating .concentration, the only unknown
in the expressions is thesconcentration CA. Because* the stopping cross-
sections’ also depend on C, (Eq. (4.21)), the only way to obtain Ca is
by an iterative procedure,u56;31y by a computer algorithm which is dis-

cussed in Chapter 5. Fig. 4.5 shows an BBS spectrum of a diffused Ni/Pd

couple and the concentratiomprofiles cbtained using Eq. (4.22) above.

4.3.2 Depth scales

According to Eq. (4.11) the difference in the detected energy of
particles backscattering from the surface and those backscattering from

the depth x 1is
AE = [EO]'NX

Thus the depth scale for A atom distribution is

_ AB AB ~
X = GEA/[E]A <N (4.25)
and'for B atoms
3 AB_, AB -
xB = GEB/FE]B N (4.26)

where GEA and GEB are energy/channel associated with A and B respectively.



93 -

]
* U 1T N B B {”1 T T T T T T LRI
- PD3I 300°C : i
* 3000} - 5 -
| I - VIRGIN NML © e
I s 6.7 x10MAr x % ]
| ~ x 267xI0Ar x o
- o 47xI0® Ar 2 ]
a 2000} 9‘.%. 3% -
-l a % X
E b d‘& % &’ —
D=

1000

320 340 360 380 400
*. CHANNEL NUMBER

Fig. 4.5a: RBS spectra before and after 120 KeV Ar' irradiation at 673k



. CONCENTRATION

9

CONCENTRATION PROFILE OF Pd/ Ni_COUPLE

L()". - i L+ *;:: ;5;3'5'6 doovde o
+ o '
[=]
X
\0.8"' x x x X °
X x +
[=]
- T . -+ - Pd] before
L L - +++ Ni/ bombardment
0.64- : ‘ xxXx Pd} after 5. +, 2
5 o ooo Nij? 9xI0™ Ar'/ecm
°
X
0.4} .
X
° .
= Q
o X
0.2:00 ° °°°_ N x
-— + t -‘
x
. + - ° * T
"t .t T B
oL 1 ] | NN IR R’ B
o) 200 400 600 800 1000 1200

DEPTH (A) e

Fig. 4.5: Cencentration profilte of a Mi/Pd couple obtained with
Eg. (4.22). '



- — ‘ _ - 95

4.4 Electrochemical PﬁTarization'Technique
When a metallic materiail is introduced into an aqueous hédia,it will
assume a certain potential called its rest potential. At the rest potential
‘the rates of the anodic and cathodic processes are equal, and the electrOQg
is said to be ét equilibrium. If thjs equilibrium js disturbed, for example
by the app1ica£ign of an external potential or current,’ the electrode is
said.to be polafized. If fhe impressed source is hegati§e. the anodic sites
on the electrode gradually become neutralized and'the cathodic process final-
)Iy'dominates and Fhe electrode is said to be cathodically polarized. On the
‘dther hand if the impressqg source is positive, the anodic process will
prevail and the electrode becomes anodically polarized.
Many different poTarization_techniqueé exist for the study of elec-
. trode kinefics,including steady stafe and non-steady state'methods. In
this work, the steady state potentiostatic technique was emp]oyed: A
potentiostat is éh electronic device which i;-capabTe of maintaining an
electrode potential at a preset constant vaiue simply by adjusting the
current between the test and the counter electrodes to a va]ue-necessary
to maintain the preset electrode potential. To obtain a current-voltage
curve, the potential of the e1ectrqqé is varied linearly with time at a
slow rate’ (v é mV/sec) over the desired potential range and the current at
desired potential is measured.
| In water electrolysis (from caustic solutions), hydrogen evolution
occurs at the cathode by an overq}] reaction of the form

2H20 + 22" - Hy + 20H



o 2 T

The rate at which this evolution, or any electrochemical reaction, pro-

ceeds 'is determined by the current density. The mggsured current density

el

is composed of both the anod1c and cathod1c curants since a cdthodic

.reactlon cannot occur in isolation and requires an anodic reaction to

- . .
sustain~it. Anodic current is considered positive while cathodic cprrent

is Considered negative.

4:4.1 Exchange current density, ic. and overpotential, n .«

The exchange current density is-the rate of the oxidation or reduct-
ion reactions when-the electrode is at equi]ibriuﬁ potent%ZH. Under these
conditions, no net cJ;rent exists, and io expresses the rate at-which a par-
ticular process proceeds under equi]ibrium conditions. VThe electrode po-
tent1a]-;ﬂen the net current is zero is called the equilibrium potent1a1
Erev’ of the electrode for the react1on

When an external current or potential is_impressed,a net current
flows through the cell and the electrode pofential differs from the equiii-

brium value. This difference is called the overpotential, n,

n==Et-¢t . (4.27)

and may be regarded as the extra potentia]'necessary to reduce the energy
barrier of a process to a value such that the process proceeds at a desired
rate. Cathodic processes are éssociafed with negative overpotentials and
anodic processes with positive overpotentials. Thé relationship between
the activation overpotenti§]~ang_the total current is given by the Butler-

¥

Yolmer equation: ' -
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i=dg{exp S - exp-(1-a) EE? .
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© (4.28)"

where 10 is exchange cﬁrrent.density (Amps/cmz) for the reaction, n isthe

overpotential (volts), « is a transfer coefficient, R is.gas constant

T is the temperature (K) andF is the Faraday -constant (v 96500 Coulombs).

The first term in Eg. (4.28) represents the contribution of the anodic

process to the total current while the second term represents, the catho-

dic contribution.

When the electrode is cathodically polariied and the overpotential

is high, i.e.'highly negétive overpotentials, then the current is mainly

cathodic ///”d,—h—‘\\\

. _ s oo {l-a)nF
= iexps

or N

. _RT . . RT .
. _ n-m2n1o-mm1.
or
- 2.303RT 2.303RT

~

n T=F log iy f 17157?"‘°9 i
This equation can be written as a Tafel type equation

n=a+b log i

The Tafel parameters$ - T
_ 2.303RT —_—
2 = =3 109.10
b = 2-303RT

1-a)F

—t —

(4.29)

(4.30)

(4.31)
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are characteristic of aﬁ.e]ect;aag'?eaction. The'TafeI s]obe b is ob-

~ tained by differentiating Eq. (4.31), i.e.
. b = an’ -- ‘.’-.'

“ w
Consequently the unit of b is mV/decade. _A large_value of b corresponds,
in the casé of hydrogen evolution, to vigorous gas evolution. . Fig. 4.6
shows a n vs 1og i plot ﬁof a Ni eiectrode. Experimenta11y;b is Bbtained
from the slope of the IineSr portion of the n vs logi plot. The exchange
chrrent density.i0 js a very useful parameter for comparing the electro-
. catalytic activities of different electrode materials for a given reaction
and is obtained experimentally by extrapolation of the linear portion of

the n vs log i plot to the reversible potential where n=0.

4.4.2 Types of overpotential . ~

The rate equation (£q.4.28) above is valid'on1y for activé;ion-
controlled processes. Consequently Eq. (4.30) gives only the activation
overpotential. Another source of overpotential in electrode reaction is
the finite rate of transport of reactants to, or of products from, the‘:
electrode-solution interface. When the rate of material transport to the
interface is less than the rate of electrochemical reaction, the concentra-
tion at the electrode surface will be less than in the bulk. The result-

ing diffusion overpotential N4 is givenby (Bockris et al.1969)

-

= E-E_ = —= &n{] - TEJ _(4.32)

where iL is the limiting current density determined by the maximum rate of

diffusion of reactants to the electrode, nis the number of electrons involved
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in the reaction.

An'aqéifional contributioh fo overpotential arises from the solution
resistance between the working electrode and the reference electrode.
This ohmic overpotential, R» is proportional to the cu;rent density in 2
solution and depends on cell configuration. The measuréd'overpotenti§1

is then given by

nTngtAgtng -
Ng and ng can be reduced by using solutions of high concentration of re-
actants, and g by minimizing the separation between the working and:

reference electrodes.

4.4.3 Measurement of overpotential

The measurement of an electrode potent}al (or gvérpotentia1) is made
with respect to a reference. By convention, the potential of the hydrogen-
hydrogen ion (ZH+ + 2e = Hz) reaction at standard conditions is arbi-
trarily set equal to zero and used as reference, since it is relatively easy
to establish é reversible hydrogen electrode. Chemically inert elements Tike
Pt (or Pd) serve as excellent electrodes for the reversible hydrogen-
hydrogen ion reaction. At different points on the metal, hydrogen ions are
reduced to hydrogen gas}gnd hydrogen gés is oxidized to hydfogen ions, the
function of the metal being mainly to facilitate electron transfer. The
establishment of the reversible potential requires saturationof the solution
with hydrogen by bubbling hydrogen gas through it. A
The problem of bubbling H, through the solution can be avoided if a

dynamic hydrogen electrode (DHE) first described by Giner (1964) is.used
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as reference. The DHE potential is established by pa;sing a small (1
mA/cmz) constant catﬁ&dic current througha 1 en? pTatini;ed Pt electrode
from a-Pt counter electrode. The evelved hydrogen creates a hydrogen
électrode whose potentiai differs only slightly (v -40 mV) from the

potential of a'reversib1e hydrogen electrede (RHE).

These electrodes are particularly useful as réference electrodes
for the hydrogeh'evo]ution reaction because identical reactions occur at

the working electrode as at-the reference electrode:

2H,0+ 2¢” ~ H,+ 20H

with electrode potentials given by the Nernst equation
' 2

a, -a
H, "OH
E=g) - 3o 2 — (4.33)
a
. HZO
The warking etectrode potential measured vs DHE thereforé does not in-

clude the Nernstian effect and gives the reaction overpotential directly.

n = E vs DHE

The exchange current density 10 for the hydrogen evolution reaction
on each e]ectrodé can be determined if the reversible electrode potential vs
DHE reference is known. For the hydrogen evolution reaction the reversible

potential ERHE is given by

Erne = |l owe

where "OHE is the overvoltage of the DHE reference electrode at 1 mA/cm2

as measured vs the RHE.
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4.5 General techniques

4.5.1 Auger electron spectroscopy (AES)
A PHI 600 Auger electron specfrometer was used primarily to moni tor
‘how c1eanrthe interface between evaporated,Pd and Niwsubstfate is since
an oxide layer at the interface is known to greatly retard jon beam mixing.
The Iateraf uniformity of some of the mixéd samp1e§ was also analysed by
Auger mapping. In some cases, especfa11y after high temperatﬁres (~ 700°¢)
mixing where the RBS signals from interdiffused Ni and Pd overlap, the alloy

concentration profiles were determined by Auger analysis.

4.5.2 Transmission electron microscopy

A transmission electron microscope(bhi1ips model EM300G)} was used prin-
cipally to determine (1) the mitrostrubture and grain size of the as-
_evapeorated films, (2) the resulting microstructure and grain size following
ion mixing and/or thermal annealing and (3) the emergence of fibre texture
after ion irradiation and/or annealing. These observationé are used to

correlate the observed diffusion effects with film grain size.



.5.1 Samples preparations

. .
——

CHAPTERE\J ; o -
EXPERIMENTAL TECHNIQUES

-
———

In this_chapter,fhe experimental facilities and methods employed
in the work reported in this thesis are presented. In section’5.1 the
methods of sample preparafion for jon™~deam mixing, transmission electron
microscopy (TEM) and electrocatalysis studies are d}scussed. The jon im-
plantatioh and RBS facilities and experiments are presented in section
5.2. in section 5.3 the apparatus and the experiments for evaluating the
electrocatalyti¢ activities of the ion beam mixed e]éétrodesare given,

while in 5.4 the TEM experiments are discussed.

- ©

~ B ‘

The substrates used in this work were polycrystalline and single

crystal Ni, sodium chloride crystals and sapphire. The single crystal Ni

. samples are of (100) orientation and were kindly supplied by Prof. G. Carter

(Salford Uniﬁersity). ‘The po1ycrystaTTiné Ni wére 99.939% purity Falcon-
bridge Ni rod. The Ni rod_m 1 cm diamgter Qas cut into discs ~2mm thick.
The polycrystaliine nickel discs were polished with various grades
of silicon carbide paper,using water as 1u§ricant. This was followed by
polishing on a rotating wheel impregnated Qith 6 micron diamond abrasive
dsing.kerosene as lubricant, and finaTly with 1 micron diamond paste. The
specimen was then_washed and cleaned in acetoﬁe. The single crystal nickel

specimens were supplied polished: Surface démage was removed by polishing
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on & vibratory polisher with { micron dian;ond paste, followed by polishing

on a selvyt cloth impregnated with 0.3 micron alumina. The specimen was

then electropolished in a solution of 60" ‘2 4’(ma1nta1ned at O.C) at a

current density of 0.6 A/éazl In some cases the polycrystalline Ni

samples were also e1ectropo]1shed prior to evaporat1on After electro-.

polishing the samples were washed in d1st111ed water and transferred to

a vacuum evaporation chamber. The sodium chloride substrates were

cleaved in air and transferred immediately to the evaporation chambér.
The following types 5} samples were prepared:

i) For the buried Pd marker studies, either polycrystaliine nickel or
sapphire substrates Were used; Samples for these experiments were
.depared by sequential .vacuum evaporation (without breaking
vacuum) of 2.5 nm Pd f011§wed by ~ 100 nm Ni, then ~ 1T n.m. Pd layer
and finally an ~ 30 nm Ni overlayer on Ni or sapphire substrates
by efectron beam heating. The rationale for this sample configura-
tion is discussed in section 6.1.

ii) | Samples for the ion beam mixing of Ni/Pd bilayers were prepared
either on Ni single crystals with (100) or1entat1on normal to
the surface or on polycrystalline Ni substrates. The po1ycrystaI—
line Ni samples were discs ~ 1 c¢m diameter and ~ 2 mm thick. On to
these subsfrates were evaporated ~ 100 nm Ni and finally 40 nh
Pd'over1ayer by electron beam heating without breaking vacuum.

iii) Samples for TEM studies ‘were prepared on air-c1eayed NaCi crystals

as described for the Ni/Pd bilayers. The Ni and Pd evaporated

layers were 30 nm and 30 nm respectively.



jv) For the catalysis studiés, samples were used either as prepared

. for the Ri/Pd bilayer case of;afterithey had been subjected to
~ jon irradiation. : )
. {
The base pressure in the evaporation chamber was ~ 10'7 torr and

7

rose to ~ 3x107° torr during evaporation. Typical evaporation rates

were ~ 10 nm/min and evaporated thicknesses were determined by a quartz
crystal thickness monitof. Absolute evaporated thicknesses f(for films

r

evaporéted on sapphire) were determined by the RBS technique.

L
5.2 lon beam mixing and RBS exper¥ments

5.2.1 Ion implantation and RBS apparatus

The accelerator facility at McMaster for ijon implantation and in-
situ RBS analysis study is shown schematically in Fig. 5.1. It consists
of a 150 kV ion implanter coupled to a 3.5 MV Van de Graaff accelerator.
Ion beams from either acceierafcr can be directed to the target through
the use of a common analysing magnet.

The fon implanter is & Texas Nuclear Corporation Model 9509 Cock-
roft-Walton neutron generatd which was modified to accomodate a Danfysik
911A 'Universal' ion source suitable for producing igps from gaseous |
and solid sources. The analyzed ion mixing beam is collimated by a pair
of apertures ~ 1.3 m apart - a2 2 mm wide aperture near the magnet and a
7 mm wide aperture near the target. To obtain a uniform implant the ion
beam was rastered across the 7 mm aperture by two pairs of x-y electro-

static piates.
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The jon beam mixed samples were Eha1ysed by RBS uéiné 2-2.5 Mev
He+ ions frcm the Van der Graaff accelerator. The analysging beam was col-

Timated using a pair of 0.75 mm diameter apertures. Typical analysing beam
* .

current densities were 2-5 nA/mm2 to ensure that the deteﬁ%or dead time

was maintained < 5%. | - . B \.

5.2.2 Target chamber and data acquisition

The target chamber and data acquisition facilities have been described
-in detail by HaTker{(]Q??) and Parikh (1985). A schematicrof the interior
of the chamber is shown in Fig. 5.2. The target. holder is mounted on a two-
axis goniometer whicH enables the target to be tilted with respect to the —
beam. The target holder itself is in the form of a wedge whose norma? is

at 30° from'the_beam normal when the goniometer tilt angle is-0°. For
normal beam incidence analysis, the goniometer is then tilted 30°,away.from
t%é be;;r;;;ﬁal to make the beam and sample normals coincident. This target
holder arrangement enables improvement in depth resolution to be achieved
simply by tilting the target with respect to the beam ncrmal. Tilt angles
of 45° and 60° were used in this work. For studies at elevated temperatures
a heating element which is electrica1iy isolated from the target through an
isolation transformer is screwed to the target holder head. Power fs sup-
plied to the heater by a variac through the transformer. Target tempera-

tures were measured with a chromel-alumel thermocouple thermally connected

to (but electrically isolated frem) the target holder head. Target tempera-
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tures were controllable to =2°C. _
For low témperature studies the target was conmnected to a cryocooler
- by a flexible copper braid surrounded by a copper inner shier which is
also connecteq to the.cryocooler. For studies'other thar low temperatures
only the inner shie1d.surrounding.théItérget was connected to the cryé-
cool®r. Both the inner shield and- target were electrically isolated froﬁ
the cryocooler by a 10 ym Mylar film. A second éhieﬂd cooled by liquid
nitrogen enc .osed the inner éhie1d The ‘inner cold shxe]d operates at

N ZOK and acts as a cryopump to reduce the effect1ve pressure near the

-10

target to < 10 Torr since the partial pressure of all gases except

Hz, He and Ne is less than 10']0 Torr at this temperature. Loss of
secondary electrons was supp}essed by applying a -220 V voltage to a
metal ring Tocated at the beam entrance to the inner shield and 200 V
‘between the target and the inner shield with target as positive terminai.
Integrated totg] target: currents wére measured by‘summing the currents -
on the inner shie]d and target.. |

In the RBS analysis of the inter-diffused'profi1es the backscat-
tered He' pértié?es were detected with a surface barrier detector
(FWHM = 15 keV) situated at a scattering angle of 160°. The detector
was protected from.radiation damage during héavy ion }rradiation of _
targets by an externally contro11ea shutter. Fiqure 5;3 shows a block
diagram of the data acquisition system. A current integrator (Ortec
model 435) was used to measure the beam current on target (or on the
Faraday cup during set-up). A timer/scaler (Ortec model 771) was used .as
a contrel unit for the data acquisition. ’

The backscattered He_paﬁticles which reach the detector produce

signals (pulses) which are proportional to-the particle energies. Each

-
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pulse then passes thro:gh a‘prg-amp11f1er (Canberra model 1408) ;;;—;
Tinear amplifier (Ortec mbdé1 572) and is digitized usiﬁg a Northern
Scientific (model 8192) ADC which is connected to a PDP 11/05 computer
programmed for pulse height analysis. N

- 5.2.4 RBS Parameters

i) Detector solid angle, AQ .

The total number of counts in the RBS signal of a thin film of

heavy impurity is given by

H=Naxw 92 . a0 - q (5.1

an ‘ - '

where NAx is the areal denfjfzfgf,raqget, A2 is the solid angle- subtended
at the centre of the target by the detector, Q iﬁ the tofa1.nqmber of He
fons hitting the target and %gnis the differential cross-section for
backscattering. 4R was determined geometrically. Additicnally, determ-
ination of 24Q was obtained by RBS analysis of a CRﬁL calibrate& standard
sample of silicon implanted with 5x10'> (N&X) Bi-cm’. Then use of Eq.
(5.1} gives AQ since H is determined from the RBS spectrum. - Q, the total
number of incident He+ paFE?dTes‘is measureé and g%-, tﬁe differential
scattering cross-section for He on Bi‘was taken from the tabulation of
Chu et al. (1978). The solid angle for the 160° detegtor was so deter-

mined to be 2.61x10™° Str.

ii) Implantatjon dose

This can be determined from a knowledge of the total integrated
charge on the target over the time of implant and the implanted area. For

the set of apertures used, the implanted area was calibrated by implanting
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a dose of Bi'gato a silicon farget, analysing with RBS and deducing fhe
dose per unit area from Eq. (5.1)_wi£h the aid of the calibrated detgctgrf
geometry. The implant also changés'the surface coTor.of Si so that the_
implénted afea'gan be measured geom?trica]1y to confirm the calculated
%mpIanted ar;a. For §r+ irradiations, the ion doﬁés’were detenning&

from the total integrated charge. In the case of'Kr+ imﬁlahts theidéses
were determined also from the Kr peak in the backscatteripg spectrum to

[ 4

confirm the total integrated beam current and imp1ani area. <

iii) Analysing beam energy caiibration

The energy ofﬂiﬁ%:?ﬁEﬁéent béam was cqlcylated from a knowledge of
the gain LkéV/;hanne]) of'éhe electronics éﬁgkihe detécted energy (correct~
ed—for detector dead layer loss = 30 KeV) of_the particles backscattering
from surface.atOms. The gain of the ADé was determined by acquiring an
energy spectrum from a precélibrated pulser (Ortec model 812) at various
known energies and qoting the channel posit{on of each energji The pulser
.was‘itse1f calibrated with respect to the detection system by acquiring
a spectrum of alpha particfés of known energies - 5.486, 5.443 and 5.389°

241

MeV - emitted by an Am source and honnalizing the pulser output to

. match these energies.
"iv) Stopping cross-section for helium

+ .
The semi-empirical values for the stopping cross-section ¢ (eV/]O15

atoms-cmz) tabulated by Chu et al. (1978) were used in this work. Linear

i —

additivity GFafBragg's rule) was assumed in computing € for the Ni/Pd alloys.
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5.2.4 - Ion Beam Mixing Experiments

i) Pd Marker Spreading

Sampies for these experiments were prepared by sequential evaporat-
ion (without breaking vacuum) of = 5 nm Pd followed by 106 nm Ni layer,
then 1 nm Pd gnd finally 30 nm Ni overlayer, on polycrystalline Ni or
sapphire ;ubstrates by electron beam heatihg.' The base bressure iﬁ the
evaporation chamber was 10'7 torr and rose to m.3x1b'7 torr during
evaporation. A schematie ©f the sample configuration is shown in Fig.

" 5.4. The deeper Pd marker is basically a reference marker and -serves

two main functions:

. : -
Z
| A -20
;:: L~ {00AMm ; A
Na 1 NO N
Sub - ] A
Z ’
2 %
Snm [nm
P Ped

Fig. 5.4: Schematic of the sampie confirugration used in the marker
spreading experiments.
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a) by measuring‘the separation betwgen'the peaks of both markers,
the net shift, due to ion bombardment of the shallow parker,
is Eeparated from spurious effects such as beam energy shifts——

w

during the experiment, sputtering, etc.f'_

b) by monitoring the peak width of the deep marker, the impurity
spreading attributable to purely thermal effects is ‘obtained
since this marker is 1qcéted well beyond the range of the bom-

barding ions.

The mixing of thin Pd makke;s in Ni was induced by 120 KeV Ar+

16

and 145 KeV Kr' irradiations. Ion doses ranged from 0.2-4x10'° fons

en @ with a dose. rate of ~ 3x1012 fons cm ™% sec™L. ImpIantatioh tem-

peratures ranged from 40 to 573K.

i1) Mixing of Ni/Pd Bilayer Samples

The mixing was induced by 120 KeV irradiation with doses ranging

16 2 12

from 0.5-4x10"" jons cm © and dose rates of ~ 0.6 and 5.0x10

an® sec”!. Irradiation temperatures ranged from 298K to 673K. Inter-

jons

mixing resulting from pure thermal effects in this temperature range

were also measured.

5.3" Polarization Apparatus and Measurements

5.3.1 Electrolysis Cell

The 3-compartment electrolysis cell used in ;ﬁjs work is shown in
Fig. 5.5. The main cell is a one-litre teflon beaker and contains the hat.
. - T ?
(30 wt % KOH) electrolyte and the test electrode (cathode). The test

electrode is embedded in teflon so that the active areas of the electrode
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 are well defined. The beaker is equipped with a teflon cover to minimize .
| evaporation losses and contamination from the environment. Appropriate

ports aré provided on'the cover for gas eséape aﬁd'electricél Téaqs.

The second compartment contains a Pt. gauze countér eiectrode
(anode). This compartment (compiéte]y sealed at the bottom) is-equipped
with a 1-cm diameter capillary connection to the main cell. This capil-
lary opéning is several cm above the level of the test electrode.. This
arrangement minimizes the mixing of electrolysis products dnd contamjna-
tion of the test e1ectrode; The third compartment, which is equipped with
a 2 mm éapi]]ary connection to the main cell, contains.the DHE refe;Eﬁée.

- The referenge electrode used in this work is the dynamic hydrogen elec-
trode (DHE) which has been described by Giner (1964). A éurrent of 1
mA/cmZ-is passed between the Pt gauze counter electrode and the DHE
reference(CRef). The potential between CRef and a reversible H2 e]ecfrode
(1 em’ platinized Pt), R, is measured. This dynamic cathode potential
is always small, ~ 0.040 eV.

The solution was made from 180 gm of analar grade Baker potassium
hydroxide pellets and 420 mls doubly-distilled water to make 30 wt %
solution. The 30 wt % so]ut{on was used bécause the electrolyte conduct-
ivity is maximum at 30 wt % and consequently ohmic losses in so]ut{on are
expected to he ﬁ?nimum.

The cell is brought to theé operating temperature (80°C) in dn o1l
bath equipped with an oi1 immersion heater. The o0il is éircu]ated in the
path by an electric stirrer and stirring of the electrolyte occurs by

. . L ]
convection. The.bath temperature is controllabte to =2°C.
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5.3.2 “Foiérization, Apparatus‘
’ The e]ectrode§ were polarized using a Princeton Apijed Research
','Corp;ration (Model 173) poténtﬁostat.with_a universal programmer (Model
175).fn potential control mode. ThE‘resuiting cell currents wére retord-
~ed on an x-y chart recorder (PARC model REOOSé). For the polarization of
the DHE, a stabilized -current source (Hew1ett-Pagkard\hp model 61?68) was
used. The reference potential was measured with an hp.(mode] 346%3)
digital vo]tméte?'with 20 M2 input impedance. This potential is measured

_ to +2 mV.

5.3.3 Solution, cell and e1ec;rode preparation

1) Solution: 800 ml of the 30‘wf % solution were placed in a teflon
beaker and cleaned by pre-eTectro1ysi§.‘ APt wire ~ & cm 1ong
was used as cathode and a large area Pt'gauze {in a second'compart-
ment as anode. The cathode was set to 1 A/cmz'outside the cell
before introduction into the solution. Each day the‘cathode was
removéd from solutfon, cleaned in aqua regia, doubly distilled
water énd hot flame. Doubly distilled water is added to the cell
to compensate for eVaporation 1ossés;: After n 5 days of pre-.
eleﬁtro1ysis,no further black deposit on the Pt wire cathode was‘
visible, but pre-electrolysis was continued for an additional
10 days.

2) Cell and counter electrode
The main cell as well as the counter and reference e1ectrode.£nmpar;-
ments and the test electrode holder were scrubbed with aqua regia,

washed thoroughly in doubly distilled water and rinsed in pre-
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Fig. 5.5: Schematic of the electrolysis cell employed for the -

electrochemical polarization studies.
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* electrolysed KOH solution. .The Pt gauze counter electrode was
also treated. . . . o o
) Reference electrodes ' N .7
The reference-e]ectrqggs were always maintained moist in a solution

of pre-electrofysed KOH. Electrical contacts with all the electrodes

were made by spot welding Pt wire leads to the electrodes.

5.3.4 Current=Potential Measurements

- The test cathode was biased to -1.3 V (with a"Heathkit regulated
power supply) outside the_ce]l and then introduced into the goTution. The
potentiosiat w;s then connected to the cell and the Heathkit disconnected. -+ .
The poEénff%l was held at -1.3 V uhtil the current'becamé steady (after
A~ 10 ﬁinutes). The 'current-potential curve for the first positive-going
sweeb (-1.3 v~ 0) was tgen‘measuréd. The potential sweep rate used was
2 mV/sec. At the desired potentia1; the potentiaj is held constant and
the steady-state current measﬁréd. The negati;e-going sweeps were measured
in the same mannér. The reference potént1a1 was mohifored throughout the
measurements and its value was approximately constant at 405 mV.

‘Before each day's measurements it was necessary to recondition the
reference electrodes. This is done by passing a much larger current (v 10
mA/cmz) than the normal 1 mA/cm2 for é few minutes. This is necessary to
establish a reversible hydrogen electrode at the electrodé'marked R in

Fig. 5.5. )

All the currents and poteﬁtia]s reported in this work are as mea-
sured. No corrections for iR drops were applied. The potentials are
known to better than *20 mV and the measured currents to =2 mA at higher

current densities and =0.1 mA at low current densities.



. CHAPTER 6 '
RESULTS AND DISCUSSIONS

A

This chaﬁter'{s divided into four main sectfﬁns. -In section 6.1,
thé.results of the spreading of thiﬁ_buried Pd markefs in Ni are giveﬁ
including the effects of ion species, ion dose and temperature. In
section 6.2 results of the intermixing that occur'fo]i;wing the anneal-
ing and ion bombardment of Ni/Pd bil%yer couples are &escribed. This
description includes the role of grain bouﬁdary diffusion effects and
their contribution to the observed mixing. Section 6.3 summarizes
the TEM observations on the ion mixed Ni/Pd fi]ﬁs, while in section 6.4

the é]ectfocata]ytic properties of the ion?beam mixed Ni/Pd couples

for the Hz-evolution reaction in ~ 6N KOH are given.

6.1 SPREADING OF Pd MARKERS IN Ni R

-As pointed out in ;ection 3, the experimentally observed mixing

" may be due to various contributions. The transport of atoms set into -

-

motion via the collision cascade is one mechanism which musf play a roie,
and is probably dominant at the temperatures where point defects are
immobile. At higher temperatures, where the mixing increases with
temperature, a radiation-enhanced diffusion mechanism is usually invoked.
In addition chemical driving forces may be important especially in\the
compound-forming systems. }
In order to examine both the nature of ion-beam mixing in the Ni/Pd
- system and the relevance of the various mixing mechanisms, the ion-beam
induced spreading of thin Pd markers in Ni has been studied both as a

15

function of jon dose (1-30x10 cm'z) and temperature (40-573K) with

118
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‘Q © 120 KeV Ar' and 145 KeV kr* ions..;Jhe dose- rate during imp?antatdon was
maintained constant at A 3x10" 1bﬂ§ em™2 ;ec"
' Backscatter1ng analyses were conducted w1th MeV He jons.. For
= the Ar'-bombarded samples 2.0 MeV He 1ons .were used wh11e 2.5 MeV He
ions were emp1oyed in the case of the-Xr ion bombarded samples. The
higher energy He' ion 1§ necessary to resalve the Kr peak s1gna1 from . .
- the shallow Pd riarker signal. Implanted doses of Kr -atoms were deter-
| mined from-the area.of tﬁe_Ke.peak in the backscattering spectrum and .
checked against the totel integreted beam currents and implant area.
The resd1ts of the two techniques differed randomly by up to']O%; Since
- the'signal from the Ar atoms could not be‘reso1ved froﬁ-the Ni.siéna1,
'the Ar doses were determined from the ‘total 1ntegrated currents onTy
- T To obtain good count1ng stat1st1cs in the marker s1gna1, a He
dose of 8 uC was used. Shafer (1977) has shown that He' doses of 50-60
ut had no meastrable damage effect on s1ng1e crystal Fe, thus 8 uC doses
of He are noc expected to contr1bute much to Pd marker spreading in Ni.
Typical analyzing He" beam currents were Z-4 nA to ensure that the

" detector dead time was maintained at < 5%. ‘ ’

6.1.1 Results

The Pd marker profiles measured by means of MeV_He+ backscattering
were, in a]d cases, Gaussian before heavy ion-irradiation and, with a
faw exceptxons at very high doses, they were also Gaussian after 1rrad1at-
ion. ‘ 6.1 shows a typ1ca1 RBS spectrum for an unirradiated sample

with po yc ta111ne Ni as substrate. The peak at channel 480 is the

signal from the Sbal]bw Pd marker. The small dip in the RBS signal
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£ig. 6.1: Typical RBS spectrum of an unirradiated sanme with pely-
’ @ crystalline Ni as substrate.
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aroundhchanne1_423 indicates the debth‘atvwhich the shallow marker wes

located in Ni, and the major dip around channel 393 indicates the depth

at which the deeper marker was located. The arrows indicate the channels

where the signais from’ 5urface Pd and Ni atoms wouid appear. In this

part1cu1ar case the gain of the electronic system was 4.4 KeV/chan

(m 3.6 nm/channel). Thus the thickness of the shallow Pd marker (assum-'

22 Qtom cm ) is ~ 0.9 nm and is buried ~ 30

ing bulk density ~ 9.14x10

v

nm in Ni. The deeper marker is'~ 5 nm thick and is buried ~ 140 nm

beneath the'surface.

Since the Pd marker signals are almost invariably Baussian, the
peak widths were determined by fitting Gaussian shaped curves to the '

data using ieast squares methods through a computer algorithm. Fig. 6.2

- shows the results of such procedure for the unirradiated sample of Fig.

6.1 and the same sample after bombardment with 6. 8x10'° kr¥ fons em 2

at 40K. The continuous curves are the Gaussian fits to the dat;. _
The origiha1.widt£'of.the marker distribution together with the’

broadening due to the respense funct{on of the detector and the elec-

troﬁics system, and the He+ ion straggling was found from the measured

width of the unirradiated profile. The increase in the variance of the

marker profile that may be due to ion mixing was calculated by subtract- -

ing in quadrature the variance before mixing from the variance after

mixing: _ -

- N
- 2 _ 2~ P
- onst B Qpre
L ) .
where Ppo N is the var1anee aftor 10@ b?meerdment, and Qpre is the

variance of the unirradiated profile. The net increase in variances

A\
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Fig. 6.2: RBS spectra of buried Pd marker before {birgin) and after_ .

irradiation at 40K with 6.8x10 15 m'2 of 145 KeV Kr~ ions.

ta
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A2 fchanne1 ) for the hroaden1ng of the marker were converted to energy

LI

varuances and then to depth A02 via-

A2, . I .
' ‘:ﬁoz = _A_@)_ ' _ - (5_3J

22

where N is the atomic number deqsity.fdr Ni (9.14x10 em-3),AE is the

energy/channel of the detection system and (e ]N1 is the stopping -cross-
0 Pd ;

~ section factor for Hef jon in Ni-Pd alloy. Aoz then is a measure of the

intermixing of the Pd marker in Ni reéulting from ion bombardment and/or

“temperature. The uncertainty in this parameter is due to the statisti-

¢al nature of.the data ﬁoints of the pre- and post-ifra&iation-profi1es.

Figures 6.3(a)—(c) show the Pd profiles for doses ranging from

16 2

0-3x10° typicaI of samples irradiated with 120 KeV ArT jons at

298K, while Figures 6.4(a)-(c} show typical profiles, at n constant Ar'

16 2

ion dose of ~ 2x10 , ﬁor samples irradiated respect1ve1y at 40,

298 and A73K. In these figures, the finite width (Acg) of the un-
-irradiated d%stribution is due to the energy straggling of the analyzing

.He+ ions and the finite resolution of the detection system. The smatll

shifts (in the pos1t1on of the peak hewghts) between the irradiated and

un1rrad1a€&a spectra are all due to small fluctuat1ons (m 4 KeV) in

the energy of the incident He beam and also (at high doses) to ion

sputtering of .the Ni OVerlayer films. The apparent loss of.Pd in some

of the spectra (e.g.-Fig. 6.3(a)) is due to small fluctuations in count-
ing statistics resulting from slightly different infegrated beam currents..

In some cases {at high temperatures and high doses), the Pd loss is real
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and occurs as a consequence of fhe ion sputterfng of Pd that has migrated

to the sample surface. Figures 6.5(a)-(c) show similar plots for samples

16 .

irradiated at 298K to various doses {0-1.1x10"" em ) of 145 KeV Kr' jons,

while Figs. 6.6(a)-(b) show,the Pd‘profiTes at 40K and 473K foT]owing a

dose of ~ 1.1x10'8 -2

Kr cm ~ respectively. In Table 6.1, the mixing para-
meter Acz is tabulated for the two different ions as a function of ion dose

and temperature.

6.1.2 Dose Dependence of Mixing

Figure 6.7 shows the measured spreading parameter Acz, fo]Towiﬁg
Ar irradiation, p]otted as a function of Ar dose at varioﬁs irradiation
-tenpefafﬁres. Figure 6.8 is a similar plot for Kr irradiation. For both
types of irradiations, the observed mixing (Acz) exhibits a Tinear de-~
pendence on ion dose, ¢, over the temperature and dose range examined.

This Tinear dependence on dose suggests a diffusion-like spreading of the

. ?
Pd marker {4 « ¢8) similar to what is typically observed following . ./f/
thermal treatment. A ' ST
6.1.3 Ion Dependence of the Mixing Parameter ' .
In Table 6.2 the ratio of the mixing parameter Acirlacﬁr at a
constant dose of » 1x10'° 2 is tabulated. At 40K, the spreading induced

by Kr-irradiation is a factor of 2.2 more than that induced by Ar—ir;adfation.
At higher fémperatures, the ratio decreases, probably because of the in-
creased contr1but1on of both thermal and radiation enhanced d1ffus1on ef-
fects~ In fact at 573K, as will be shown in the .next sect1on pure thermal
annealing contribution accounts for more than 50% of the opserved mixing.

The value of Aoﬁr/Acir v 2.2, measured at 40K,%s close to the ratio of

the deposited damage energies; FD(Kr)/FD(Ar) ~ 2.1, calculated at the
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position of the marker. This observatipn suggests that the greater effect--
iveness of Kflinradia jon_js due mainlyhto tﬁ;uareater elastic energy
deposition (and‘théfefqre'1£rger numbeyr of dispTacementsj by Kr ions

at the marker position.

-

6.1.4 -Comparison with Collision Cascade Models

The ‘various collision cascade mixing models were discusSed in »
chapter 3. These models in general predfct a linear dependence of ;he

mixing variance en both the ion dose, ¢, and the elastic energy, FD’ . ¢i'

'deposited at the marker position. In particular, Sigmund's (1981)

model suggests that the interaction between the IOW—energy matrix re- .

coils and the marker atoms is the dominant contribution to mixing and

" predicts a mixing variance given by

- 2 7 Fpx)

b0% = g Ty = v 9 '_ (6.3)

Fe)
nrr10 P

~where T ~ 0.608, FD(x) is the nuclear deposited energy at x, Ea is *

the ratio of thg stopping cross-section for matrix-impurity and matrix-

. s _ 21 ‘ -
matrix collisions (521 f;; » where C21.and sz are the coefficients
in the power law scattering cross-section), EC is a minimum energy below

2
c

associated with Ec' The calculated A02 values {assuming EC "~ Ed ~ 34 eV,

which displacements cannot occur and RS is the medn square displacement

RT ~ 1 an) predicted by Eq. (6.3) for 120 KeV Ar dirradiation and 145

c
i . .. . L . .
KeV Kr irradiation are shown as dashed lines respectively in Figs. 6.7

and 6.8. The predicted values are at least ~ 10 times smaller_ than thosé

: obserﬂéd experimentally (at 40K, Acz(measured) At 25 nmz; Acz(ca]cu—

lated) ~ 2 nm2 for 1 x 1016 Ar irradiations). In addition, this model predict

o
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a net shift 1n the marker peqk pdsitiqn’wfth dose - gge to a
~relocation of matrix atoms past the marker. As pointeﬂ out in section
| 6.1.1, the observed peak shifts can all be accounted for by small fluctua-
fions in the analyzing He+ beam energy and ion sputtering. ConseQuentlj;
the predicted peak shifts are not observed in the present 1nvest1gat1ons
-Matheson's (1981) mode1 “which 1nc1udes contributions from both low- and
high-energy recoils was also d1scussed in section 3.3.2. This model pre-
dicts'Qariances of mixing A02 close to observed variances withiﬁ a fact-
.6 -2

or of 2 (Aaca]c ~ 40 nm2 vs Ac(measured) ~ 60 mm ) for ¢"1x10

of 145 KeV Kr' ions. ) ,
Note ;hat the predicted Tinear dependeﬁce of.Acz on ion dose1'¢;

gnd nuclear depesited energy, FD’ were indeed observed. Th%s observation

suggests that the qualitative picture of ion beam miéing at low teﬁ-

" peratures, as resuiting from cﬁmuIative displacements created by each ion,

is correct. The higher values of Acz observed experimentally vis-a=-vis

predicted values suggest that factors other than purely collisional
- - - -
events also contribute to the mixing of this. temperature regime.

‘ 6.1.4  Temperature-Dependence of Mixing’

- For both 5r and Kr irradiations, “the spreading‘of the marker ex-
‘hibits two types of behaviour &hen Acz, at constant dose, is plotted
versus temperature - an almost temperature- 1ndependent region from
40 300K and a strongly temperature- dependent region -above ~ 400K

(Fig. 6.9). The temperatur'e-mdependent mixing observed between 40K

and 300K has been observed also in other systems: e.g. Bgttiger et al.
¥



._-!-v.:-;x
o e

“134

4001 pp 63

L x VIRGIN / Y
300} 16 o\

A 1.22 x10 Kr x

YIELD

100

oF
420 425

CHANNEL NUMBER

Fig. 6.6:“ RBS -spectra of buried Pd marker before and following Kr
irradiation at ~ constant dose at two temperatures.

(a) 40K (b) 472K.



300

135

x - . .

oK o \
| X VIRGIN // '

00" pp 62 473K\
-~ - x _

T anxo®ke X

100

SR ST Y S S S SR SUNY N B SR B B klv .
420 . 425 430 435 440
- CHANNEL NUMBER -




L ~ . ’ - L
S s 136

. :

- ‘ a- . . iy

; .

c. - . N - N

Table 6.17: Me_asi.ure,d Hixiné Parameter _L\.cz as a i-‘_unction of dose and
- temperature for Ar and Kr irradiations.

Rr Irradiation | © 7 Krlrradiation
T Dose . ac™ (-nm)2 - Dose - adt (nm)2
(x10'® a?) -0 (x10'® en?) 10
0.68 L2 0.3 . - . 1.5
a0 1.9 . 4.57 0.68 - 3:21
3.2 8.18 1.22 6.92
4.5 10.15 1.22 ° 6.92
1. 3.00 | . 0.29 . 1.ss
- 2.0 9.6 |- o0.62 3.22
298K 3.0 10.99 1.06 . 6.93
4.0 12.72 L
.64 o~ 525 ¢ :
- . 0.36 5.01,
473K 1.91 16.25 - S |
2.54 26.20 . 1.1 1382
“673x 0.5 ' 22.45 553K 0.48 11,413
.0 . - 40.14 ©0.95 © o 26.74
‘-A:;f:"".
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Table 6.2: Ratio of measured mixing parameters for 120 KeV Ar and Kr_
- 145 KeV irradiations at various temperatures for ¢=1 x 1016 cm-2

2 . : - 2
. Ag 2, Ag
Temp =, Sxi (818 (530,
(%) - : . r
(nm*/i0n) (nm4/ion0‘
40 0.25 0.55 2.2
298 0.35 0.66 1.9
473 0.886 1.23 1.4
553 - 2.43 -
573 3.33 - -




. .

1276

*saunjesadwal snoyuaes je asuepaea bujpeaads syl yo douapuadap-asog /79 Oy

wo _olx umoo Iy
ot 2& 9)

mmmvw\\ — w\

)62

_ — JI O .
{HIOW-$0I9 @ punwb|g - \m
I\\\\u\\\m
. . T

\.\\\l\ \

S

uojjelped.d) +L< A9X omw




138

.mugzumgmasoa snojaeA e aajauveded bupxiw ayy Jo cu:mn:mmms-umma

WD mmu_x 350( g(\

oc, - ol 2 8
_ ,

199,614

1 M|
__:_.s_- 3049 - punwbig

A mmN
)

N mk‘\

uorjelpeadl +Lx AN SHI

4

¢t




Fig. 6.9: Temperature-dependence of the mixing parameter, AfZ
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- {1985, Au markers in Ni), Averback et a1. (1982, Ni in Si) and Match
et al. (1985), Hi63 in Ni), and appears to be_a general fea;ﬁre of %np
beam mixing. Also sﬁown in.Fig.~6.9 are the pure thermal annga?ing re-

_ su]tS.‘_Ho meaéﬂrab]e spreading of the Pd_marker was observed for spgci-
men§ énneaied,without frrpdiation. at T 5'400K. .The figure shows that |
&bove.m 400K the mixingl;arameter. Acz, shows a strong temperature |
&ependence. In thjs temperatﬁre regime, collision cascade, thermal -

_ and radiation-enhanced. diffusion effects contribute to the observed

mixing;

AGZ ) Acih * AcE:ascade * Acr12~ed T,

In the temperature range where thermal contribution is not significant,
the radiation-enhanced contiribution can be estimated by subtracting

the'Ac2 values measured at low temperature (n 40K) from the high tem-

perature values. This of course assumes that 'at low temperatures
defect diffusion is largely supbressed and therefore that the measure
Pd spreading at low temperatures is due mainly to collisional mixin

~ events. The ~ constant low temperature Acz between 40K and 300K i

2 2

Fig. 6.9 (~ 25 nm® for Ar and v 60 mm© for Kr at 40K) are

assigned to puref§ col1jsiona1 mixing. These values compare well with
those found recently (~» 30 nma) by Bgttiger et al. (1985) for the
spreading of Au markers in Ni bombarded with 150 KeV Ar" ions at 20K.
The radiation enhanced contribution is shown as a solid line in Fig.

6.9, and gives an activation energy of ~ 0.43+0.07 eV and a bre-fédtor

Acg of ~ zéofinmz. - Published values of the vacancy migration
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energy~1n'Ni (Wollenberger, 1983) range from 0.92 to 1.4 eV; while
the activation.energy-fd} stage III rééovery of resistivity (assigned
to vacancy migration)‘in electfoh-irradiated Ni is ~ 1.03 eV'(Hafkness
et al., 1975). Thus -the measured activation energy’ E, ~ 0.43+0.07
eV is close to % the vaéancy migration energy in Ni.

A model of radiation-eqhanced diffusion was p‘esented in chapter
3, and will be discussed further in sectfon 6.2. The saligné point
here is that, when annihilation qf_defeéts occurs primarily by mutual
frecombination of #acahcies_and interstitfals, a radiation enhancéd dif-
fusion coefficient is obtained,.ﬁhidh is given by (Chap. 3.3)

.Drad=2(;:?'_3‘ﬁff)}z | o 16.5)

where Kg is the defect production rate, b, ¥s the diffusion coefficient
of vacancies and R,y s the radius of the recombination volume, Qpes
where @ is'n 100 times the atomic volume Q. Thus

3

v :
Dy = ngxp AT - (6.6)

i.e:.the activation energy associated with Drad is one-half the vacanty
migration energy. What is measuréd here is the spreading variance, Acz,
and is not a diffusion coefficient in the classical sense. However if
the spreading is also radiation-enhanced, the enhanced spreading will be
expecfed to show a similar dependence on KO and temperatﬁre. This depend-
ence on temperature is indeed observed and the measured Ea = 0.43=0.07
eV is taken as a canfirmation that radiation-enhanced spreading is the :

\

}

-~/

¥
Tk
M



dominant mixing mechanism in this temperature range At .a part1cu1ar

X-4 »
dose (e:g.ulx1016 m ), ‘the mixing may be described as o

By _ . ‘ :
A = mgexp U/ (e
with Acg and E as given in the 'text.

Using th1s model Ao /¢ is then given approx1mate1y by

clKoDv
¢ 'n'NR )} : g

(6.8)

where ¢ is the dose, $ is the dose rate, aKU is used since onTy a. fraction
. of the defects produced are able to escape the displacement cascade. It

1s this fraction. aKO that ultimately contributes to diffusion. The mea-
2

sured é%—-= 6x10 -23 cm /1on at 473K (¢ = 1x]016 Ar' em 2) while the calculated
value for the dose rate used (3. 1x10'2 a2 sec—I) is ~ 4.5x1072% o/

ion (ax=1). If o is taken to be 0.1, then the calculated value is about
an order of magnitude less than measured. The differences in the cal-
T culated and measured values may be due to additional contribution to
m.ixing by long ra'nge migration of the defects to internal sinks. Such
order of magn1tude difference between the measured and calculated values

has also been observed for Si-irradiated Ni-Sb (S.M. Myers (1980)).

5
|
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6.2 ION HIXING OF Ni/Pd‘BILAYER'CDUPLES

[}

-

In this sect1on, resu]ts are. presented of the m1x1ng of Ni/Pd
b11ayer coup]es 1nduced by 120 KeV Ar 1rrad1at1on and/or thenna1 anneal-

‘ing. Irradiation temperatures range from 298 to 673 K and ion doses from

16 Ar ions cm 2. Two dose rates were “used’ (m 5x1012 nd

N 6x10' jons cmC sec']). In order to assess the thermal contribution

0.5 to 4x10

to the observed mixing, samples annealed at theee temperaturesl(without
ion irradiation} were aTeo studied.

Samp]es for these studies were prepared as descrabed in section
§.7. To stydy the -ipn beam and/or thermal induced mixing of small-
grained N1/Pd b11ayer couples samples were prepared by sequent1al evapora-
tion, without breaking vacuum, of ~ 100 nm Ni followed by ~ 40 nm Pd f11m
on po1ycrysta111ne Ni and sapph1re substrates. Fig. 6.10 shows the re-
sults of Auger depth~ pr0f111ng of such samp]es, and indicates that se-
quential evaporation of the two ]ayers ensures a clean 1nterface free of
either oxygen or carbon eontaminatioh. "Intermixing between large-grain
poiycrysta1]iﬁe (or single crystal)} Ni and evaporated Pd films were a}so
studied with a view to essess the -influence of grain size on the mixing
rates. |Samples for this type of study hereAprepared by evaporating a T

layer Pd, ~ 40 nm thick, on»eIectropp]ished single crystal (100 orient-

ation) polycrystalliné Ni substrates.

4

Analyses of mixing is principally by RBS with 2 MeV He+

ions except for samples \annealed at high temperatures {(~ YOOOC). For the

?OODCsamples,ext i nterdiffusion occured and the RBS signal due to
Wi couid not be resolved from the Pd s1gna1 Such samples were profiled

using the Auger sputter profiling technique.
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The: results are d1v1ded into five sect1ons. Section 6.2.1-6.2.3 '

are concerned w1th m1x1ng in sma11-gra1ned N1/Pd f11ms In segtioﬁ 6.2.1

~ ion m1x1ng resu]ts,for samples 1rrad1ated at temperatures ranging f%om

287l473 K‘are presented and‘discussed. These fesults are compared with the

resuits presented in section 6.1 on’ the spread1ng ‘of thin Pd markers in

'Ni. In sectxon 6.2.2 resuits of the’ 1on-/therma1 -induced m1x1ng for

samples 1rrad1ated at 573-673 K are presented. In th1s temperature reg1me.

mixing 1n‘these small-grained coupies is characterized by an 1n1t1a1 rapid ’

: intermixing of the Ni/Pd layers and appears to be_inf1uenced by grain-

boundary d1ffus1on Results on the experiments designed to estimate the
gra1n boundary d1ffus10n effects are presented in section 6.2.3. 1In sect%on
6.2.4 results of 1ntenn1x1ng between single crystal (or polycry§€:11ine) .
Ni end small-grain Pd overlayer films are presented and Zompared with the
results diseussed in sections 6.2,1—@72.3. Finally, the deveTopment of
film microstructure following ion bombardment was studied by TEM. The

result and the influence on the mixing rates are presented and discussed

in section 6.3.

6.2.1 -Ion Mixi®y of Ni/Pd Couple Between 298-473 K

- ResuTts 9eb6tted in tHis settion are <concerned with tQE/jntermixing
of smail-grained Ni and Pd films. Results for single crystal Ni exhibit-
ing small-grained Pd overlayer films will be presented in section 6.2.4.

Fig. 6.11.shows the RBS spectra of a Ni/Pd bilayer sample before

16 16

and after irradiation et 423 K with 1x10 ~ and 2x10 Ar' ions cm-z. The

backscattering signals after irradiation have been shifted to match the

f

original interface in order to clearly reveal the intermixing. The re-
\
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Fig. 6.11: R8S spectra of a Ni/Pd bilaver couple before and after

irradiation at various doses at 423K.
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duced width of the Pd signals after irrad1at1on 1s due to the reduced thick-
‘ness of the Pd overiayer caused by sputtering, wh11e the reduct1on in the 3
Pd peak height signal after a dose of 2::‘!0]6 ions cm 2‘15 due to the fact ¢
' that the thickness of the rema1n1ng Pd over1ayer (v 20 nm) is now comparab]e
tn the. depth resoTut1on of the detection system. The channel pos1t1on where
the Ni s1gna1 wou]d appear if Hi were on thg surface is marked by the arrow
in Fig. 6.1.1_. :

The salient feeture; of the profiles in Fig. 6. 11 is the broaden1ng
with ion dose, of the high energy edge of the Ni sxgna1 The low energy
edge of the Pd signal also showed broadening. The Ni profiles are shown in.
an eXpanded'form‘in Fig 6.12. These protiles are smooth and. show no
steps that would indicate the presence of e compound fonnetion. This feature
“is characteristic of all the samples studied for temperatures up to 473K

16 -2

and for all ion doses up to 4x10 . Figures 6.12 and 6.13 show

16 -2
cm

the Ni profiles before and after irradiation to 3x10 A

while Fig. §.14 shows the Ni spectra, corresponding to the interface region

‘before and after jrradiation for a sample irtadiated at 473K.

(1) Characterization df Mixing

-The spectra exhibit an error function-type dependence on depth
(channel number); the high energy edge cf the Ni spectra were least-square
fitted to complimentary error fynptions.' |

Y L
- Y(n) = ??-erfc( ) (6.9)
using the spreading standard deviation o as fitting variable. In this
equation, Y(n) is the backscattering yield in channel n, Yy is the peak
yield and x is the depth measured from the original interface. x is given

by
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X * ——R7-Pd S (R
. : H[EO]H'-I - <o : : '
where n is channel bosition,'n0 is channel number of the‘intetface, AS ié

Ni-Pd

energy ‘equivalence of each? channel, [Eolﬂ' is the'Stopping cross-section

for He' ions backscatter1ng from Ni atoms in Ni-Pd alloy matrix and N-is

the 1oy atomic density. Thus ,
Y, (n-n0 JAE -
Y(n) = ar-erfc[ NI Pd (6.11)
20[50]N1 '

Deviations from error function pistributibns were observed at high doses

16 °2) and high temperatures (> 473 K). In some cases, the low .

{~ 4x10
energy edge of the Pd distributions was alsofitted to an error functwon
distribution, ggpvided'that the Pd film stil] apptoximated_to diffusion
conditions'of a semi-infinite film (see for examﬁle'ihe profile after
1x10'8 A" ™2 irradiation in Fig. 6.11). |

The net contribution of ion beam mixing and/or temperature to the
increased broadeniné o? the interface was deduced by subfracting fn quad-
raturé the vafiaﬁce of the-unirradiated spectrum (cg)'frqm the variance,

% , after irradiation

irr
2 _ 2 2
& = o5 - 9 - _ //, (6.12)
This is then converted to a depth variance via
2. o _cl(eE)? (6.13)
mix - Ni-Pd,2 ° AR

(N[e 01N1 )

The alloy atomic density,;N,_varies from ~ pure Ni to ~ pure Pd in
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the mixed Iayer- consequent]y, the average value of N(7. 97x1022 an ) at -
the 50‘ composition was US‘F in the ca1cu1at1ons. '

(ii)_;gggg:gépendence of thq,mixing parameter, Ac® )

In order to ﬁtudy the effect of increasing dose on mixihg.;sgmples
were irradiated, at constant dosé rate, to different doses. Table 6.3
shows the measured mixing parameter Aoz at various doses for a sample
1rfad1ated at 298 K. These data 1nc1ude only Acz values c0ns1stent with
the assumptions 1ead1ﬂ§ to Eq (6.8), i.e. for doses low enough (<4-'Lx10]6
an ) that the observed mixing is confined to reg1ons near the interface. _
These Acz values are plotted in Fig. 6.15 as a function of“Ar ‘dose. Error
bars‘gjve the statistical uncertaiﬁties in determining the Acz values by
the least squares methed. At all.teMperatures 2 linear dependence of
Acz on irradiation dose, ¢, is observed ,suggesting a d1ffus1on-11ke ion-
beam 1nduced broaden1ng of the 3nterface The magnitude of ;QTS mixing at

298K is a0% = 34.6:10.5 nm after a dose of 1x10'6 Ar* e 2.

(ii1) Temperature dependence of mixing

As illustrated in Fig. 6.15, Acz shows. a weak dependerice on tempera-

ture increasing from~  34.6 nm2 at 298 K to ~ 60 nmf at 423 K after

16 Ar '2. Within the uncertainties of the measurements

a dose of 1x10
there is virtually no difference between the Acz values for samples irradiat-
ed at 298K and those irradiated at 393K. At 473K, the mixing parameter
compences to exhibit a strong dependence on'temperature.
16 -2
cm

In Fig. 6.716, the Aaz values at ¢ = 1x10 are plotted versus

réciprocalltemperature. The curve exhibits two types of behaviour:



Table 6.3:
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MeasuIed values of the mixing parameter, Aaz as a function

.of Ar” ‘irradiation dose for a sample 1rr?d1ated at 298 K
with 120 KeV Ar ions at a rate of ~ 3x1012

mns an~e sec”

”

"

. 12?29 _2) ' Adzx IO”(nm)2
X can
1 3.46x1.05
1.5 5.59+1.5
2.5 12.95-1.7
3.0 16.12+1.9
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‘Table 6.3:  Mixing Parameter Ac at different temperatures

ﬁ - .
Temp: (K) ¥ e D*:)se,(xw16 cm'z) : : Acz (-st nrﬂ2

3.4621.05 °
5.59
.95
16.12

298

[ R RS
—
(%]

3.23
6.8
15.2

393

nNy — O Ly — =
. e v oe s

ow;no - o uwum
h

K]

o

.62
9.31
14.89
21.25

423

4.73
8.1
.6
25.44

473
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1) between:298 and 423K, it is linear and'ﬁeak1y dependent onffemperature
and 2) abbve,423K it. becomes strongly dependeﬁt on temperature. In the -
first temperature region; the‘s1ope of fhe curve'gives an apparent ﬂttivét-
ion energy, Ea X 0.1o=0.os ev..'This'smaII activation energy is sihiTar |
to activation énergiés typically obsérveg for iﬁterstitia] diffusion {~ 0.15
‘e¥ for Ni), and in the present investigatibn it is probably du? to the-en-
hanced mixing produced by the diffusion of interstitiais escaping the co];
lision cascades. It is noted, notwithstanding, that the temperature
- regime under consideration (298-423K) spans the entire stage III recovery
temperatur; (300-400K) characteristic of freely migrating vacanéies observed
in electron- and neutron-irradiated Ni and Pd (section 3.2). The results
presented in this section suggest that stage III recovery is suppressed
until ~ 473K (i.e. béginning of stage IV recovery). -A pessible explanation
of this behaviour is that thé damage structure resulting from 120 KeV Ar' ir-
radiation does not consist of isolated defects butlrather these defects_are
in the form of vacancy and interstitial clusters. The activation energy Eé =
0.1 eV measured betwéen 298 and 423K then corresponds to the release of trap-
ped interstitials. Releaseof trappéd vacancies does not occur until ~ 473K
‘where their migration begiqs to contribute ‘appreciably to the mixing paré-
meter, Acz. This picturé is consistent with experimental findings (section
3.2) on the nature and stability of defects produced in Ni irradiated with
NiT" (Chen 1973) and 'Sb®, Sb, (Al-Tamini et al, 1985) ions. The activation
energy in the region where mixing shows a strong temperature-dependence will
be discussed in the next section where a comparison is maae between observed
mixing in bilayer and m;rker experiments. Here, we simply note:'that the
suppression of stage III recovery is evident in many published results of

jon beam mixing in metal systems. Bottiger et al's {1985) work on the
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Fig. 6.16: Arrhenius plot of the mixing parameter, Acz
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' m1x1ng of N1/Au 1nduced by 150 keV Ar 1rrad1at1on is typical. In this Sys-
tem, a strong temperatnre dependence’ is. not apparent until above A" 420 K,

the beginning of stage 1V recovery in Ni< - ..‘ S ;;;//

-

iv) Correlation between b%]a&er and buried marker experiments
A'comparison is now-presented of the results from the marker spread-, i
: 31ng exper1ments dlscussed in section 6.1 to those for mixing of Ni/Pd bi-

layer couples. In Fig. 6. 17 the measured A02 values fo110w1ng Art 1rrad--

16 -2

jation to a dose of 1x10'° Ar'cm™ are p]otted versus reciprocal temp-

erature over the temperature range spanned by the two‘types ot measurement.
The_fu]].circles are the Pd marker spreading data while the open circles
are for the bilayer reeu1ts. At 298 [4 the m1x1ng parameter Acz values
measured either on the marker or the bilayer samp]es are.1dent1ca1 wh11e‘
at 423 K the bilayer results are slightly larger than those for markers.
The data points for the ?iTayer experiments at 393 and 423 K, lie, within
error, on a smooth curve through the marker data points. It is-therefore
concluded that mixing properties, at each temperature, induced by 120 keV
Ar irradiation of bilayers and buried markers are identical. This conclus-
jon is not unexpected in view of the fact that Ni and Pd are mhtually soluble
over the entire compesition range. |

From radiation damage point of view, the energy deposited by a 120
keV Ar ion near the interface of a Ni/Pd couple is similar to that deposit-
ed at a Pd marker buried ~ 40 nm below 2 Ni overlayer. Consequent1y, a
‘similar number of atomic displacements and ion beam mixing should result.
A denser Ar collision cascade will be expected‘}n Pd and may lead to a
spikejenhanCed mixing in the bilayer because of the heavier mass of Pd

(106) relative to Ni (58). However, the atomic packing in Pd is less
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dense (6. 8xi022 cm-z) ‘than in Ni which leads to'a similar deposited energy

dens1ty, e (m 0.3 eV/atom) based on the statistical average cascade d1—
mensions in N1 and Pd. Thus if spxkes indeed contr1bute to the m1x1ng,

the effect will be simi]ar in both the bilayers and buried'ﬁarkers.

;:? In Fig. 6. T7 the s1ow1y 1ncreas1ng mixing observed between 40 K and

393 K is ascribed to col1f§1on—cascade induced mixing though, as d1scussed

~earlier, the diffusion of interstitials escaping.the collision cascade

appears to contribute also. "Thus the observed mixing above 393 K'is due

- to both therma) and collision cascade induced contribu}ions. In Fig. 6.17,

the collision cascade contribution to acz has been subtracted and the re-
sulting radiation enhanced contribuyion is shown‘;; the.solid 1ine. The
dashed 1ine represents the results of the measured spreading variance for
samplies annealed, without-irrad{ation,’at these temperatures. Below 473 K
no measurable.increase was obeerved in che variance of the thermally anneal-
ed markers. An apparent activation energy for radiation enhanced.diffusion
Ea = 0.57z0.07 eV was calculated from the solid Tinear curve. Within the
errors of the measurements, this is ~ one half of the value (Ea231.10t0.07'.
eV) measured for thermally annealed samp1es which suggests that the enhance-

) . . N
ment of mixing observed above ~ 423 K is due largely to vacancy-interstitial

recomb1nat1on outside the c0111s10n cascades in accordance with the radiat-

ion enhanced diffusion mode1 descr1bed in section 3. 3 3 (Eq. (3.29). .These

energies are rather’ Iow, for example, the va1ue of 1.1" eV determined for
the annealed specnmens is close to valggs typ1ca11y determined for the
recovery of res1st1v1ty in heavy-ion irradiated (1 04 eV) or cold worked
(.9-1.27 eV) Ni and Pd spec1mens More will be presented about these

properties in section 6.2.3 but. the results suggest that the as-prepared

L]

6-

i
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spec1mens contain 1arge concentrations of defects or grain boundaries. In
‘seétion 6.2.3 it will be shown that th1s 1ow activation energy is due

largely to- grain boundary. d1ffuswon

(v) Estimate of the diffusion coefficients, D

' Within the framework of the diffusion equations described in sections
B:i and 6.2, the time evolution of the concentration profiles for 2 thin
film buried between two sem1-1nf1n1te layers (Eq. (6. 2) and for a bilayer
l sample (Eq. 6.9). gives the following relationship between the measured

»
mixing var1ances and d1ffu51on coefficient D. '

40t - (6.14)

!.‘.02

where t is the irradiatidn time. The time t is related to the dose ¢ and

dose rate $ by.

(6.15)

-

so’ that ) -

A constant diffusion toefficient D indeﬁéndent of concentratioﬁ is assumed
“§n this analysis. Table 6.5 shows the calculated values of D at different
temperatures for samples irradiated to a dose of 1x10 16 Ar+ cm'z. In the
context of irradiation jnduced mixing, & more mean1ngful parameter is the -~
extent of diffusion induced, per ion, by the jerradiation. This quantity,
—é%i , is also shown in Table 6.5. The é%— values range from 2.5x10'29
cm /1on at 40 X to 40x10 -28 cmqlion at 573 K, while the corresponding

-16

diffusion coeff1c1ents range from v 3.4x10 -7 to 5.5x10 cmzlsec.
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' Table 6.5: Measured mixing parameter Acz and +corresponding diffusion
: . coefficients following 120 KeV Ar™ irradiations at various
temperamres._ . ‘ - '
T (K) | 80 Dyad ) Aozlqp
P (x10 (nmz) (x107V/ cmz-sec']) (oﬂO'zg cm4/'ion),
40 _ 25 3.48° - 2.5
298 35" 4.81. 3.5
393 . -5 6.88 5.0
423 6 8.25 6.0
473 .. 14 h 1925 14
853 . 26 - 35.75 26
573 40 55.00 | . 40



. o 162

6.2.1.2 Collision Cascade Mixing Model
A ﬁode1 is proposed for the co]Jigiona11y-induced broadening qf the
ihterface betweenitwﬁ 1ayers.‘ This model is applicable to (1) non-comppund
forming systems, (2) systems mixed at hoqerate doses where ‘the mixing is
coﬁ%ined to regions near the interface, and't3) Tow enough temperatures
that radiation-enhanced diffusion effects are suppressed.
‘As discugsed in éhapter 3, one cénseqhehcé of energy deposition in-
" to the Iéttice by an energetic heavy ion is the creation of a.cascade of
moving atoms. -In each collision'cascéde, the deposited'nuc1ear‘energy
Efeates a large number of moving atoms. The net effect, for a collision
cascade spanning an interfgce between layers of different elemental com-

positién 15 an intermixing between the layers; this is called cascade
‘ 16

mixing. For doses typical of ion-beam mixing (v 10 ions/cmz). an im-

planted region receives n 103 successive overlapping_cascades resulting
in a cumulative effect of ballistic mixing. Figure 6.18 “iNustrates the

individua] collision cascades initiated by each ion impact th]e Fig.” 6.19

shows that after a sufficient dose (~ 1016 cm'z) cascade overlap has

occured and the resultant atomic mixing is then a result of successive

overlapping cascade.:
. ]

- Let the region of the sample covered by each cascade be 0, << AS

where As is the sample area. If each ion impact results in an average
displacement 2 = /DT where T s a characteristic time constant and D is
the diffusion cogfficient, then after two pveriapping impacts, the net
displacement will be vZ %, and afterg such impacts vg 2. Now g:‘the number

of overlapping cascades, is

g = ¢0. | (6.16)

where ¢ is the jon dose and S is the area covered by each cascade. Then
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‘Ehe characteristic thicknéés:of the mixed layer éfter a dose of ¢ will be

/¢oc'z . . (6.17)
Thus the evolution of the concentration profiles near the inter—'

face following ?on:iPradiatioﬂ'can be described as -

c(x,9) = S erfe—X T (618
- 2/%0 S
in the case of a semi-infinite bilayer sample, and as
. 2 _
C(X,¢) =M‘exp - 7)(— - N (6.19)
ZP.r/q:cc- 42 ¢ch "

in the case of a narrow marker buried between two semi-infinite layers of

- . e

matrix, where M{(0) is the initial amounf of'materiaI (cm'z) present be-

fore bombardment Equation (6. 19) is valid a1so when ion- 1nduced spread-

.

ing of an initialiy narrow and Gauss1an distribution of an overlayer film

is being studied. In this case M is not constant since erosion occurs

by sputte%iné and M(¢) must be:used. In the case of compesition profi1ing
by RBS, Egqs. (6.18) and (6.ﬁ9)7tan be converted to RBS yield profiles such
that Eq. (6.18) becomes '

T T Y(X,0) = ¥{0) erfe[——j - . | N

¢ v3e,

" The measured spreading variance is then given by

& ‘ .
' Act = £2°¢0c 7 : (6.20)

i.e. the model predicts a linear dependence'df Acz on the ion dose, ¢, and

e
-
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qascége aiménsion, e
An estimate of the magnitude of mixing predicted by Fy. (6.20)
can ‘be made by using- reasonable values of the parameters 22. and ¢ e As
* pointed out in chapter 3, (Eq. (3.16), most. dwsp1acements within the cas-
cades are due to 1ow—energy recoils, these recoils being more numerous
{v 103;1) than high-energy recoils. Consequently the net long range dis-
p]acements resultmng from those.atoms having h1gh energ1es are ignored.
~ The net mean displacement distance of low-energy recoils estimated by
several authors (e.g. Andersen 1979), is usually small, ~ 0.3-1 nm, and
does not change much from one ion and target type to another. The area
occupied by each caécade, d.» On Ehe.other hand depends on the ion type,
its energy and the target mass. - (”—#J
At this point it i§ important to distinquish between the averaged
statistical cascade d%mensions (resulting from a.1arge numbér of cascades)
and ;he ared oééupiéd ?y individual cascades, Ty The individual cascadfﬁ
dimensions have been obtained by Monte Carlo simulation (Walker 1978) and
can be vastly different from average statjstical caséade dimensions obtained:
from WSS theory (Winterbon 1974). When the incident fon is heavy, the
depoﬁited energy distribution (and therefore damage diqtribution) within
the individual cascade is distributed fairly uniformly within the statisti-
cal cascade envelope. The average‘statistica1 cascade dimensions according-
‘]y provide a reasonable approximaticn of the individual cascade‘dimensions.
However for Iigh£ ions, the individual cascades occupy only a small fraction
of the statisticaT cascade volume and the statistical cascade dimensions

calculated from WSS (1974) must be corrected by this volume fraction in order

LY
to obtain I for substitution in Eq. (6.20). The magnitude of this one-.

.
. ~
' N
. - : .
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-

dimensional cascade correction factor, (& )}, has been evaluated by Walker

corr
et al. (1978) as a function of -mass ratio, and its implication for deposited

energy density, 8, within cascades has been'discussed by Davies (1982). For
' M ' .

a 120 KeV Ar irradiation of Pd (ﬁg = 2.65),.m = %—is the appropriate power

cross-section approximation and the one-dimensional cascade correction is

. - .
taken from their curve for Ge. This correction for 120 KeV Ar' onPd is ~0.15.
The average statistical cascade dimensions are estimated from the
| © ey ' '
relative transverse straggling —x——z'= .5953 and the mean damage depth
. ' <Ax> ' ‘
<x> = 30.8 nm giving an individual cascade dimension of

oy

A 2 %
Seorp"<Y > = 3757 nm,
and cascade area
' . k 2
- veyl
O * 7 Beorrt<y > 1
=10 nm2 .

Insertion of this value in Eq. {6.20) and a value of 1 nm2 for 12 gives a
calculated value of - (‘ .

A02 = 100 nm2

6

as the expected value after a_dose of 1x10'0 Ar cm 2. This estimate

compares with Acz = 35 nm2 measured at roo mperature., Taking into
account the simplicity of the model and th rtainties in £ and cc;

the agreement (within a factor of ~ 3) is reasonabTe.

.\‘
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{

6.2.2 Ion Mi*ing of Ni/Pd Bilayer Couples above 473K
' Samples for the experiments described in thfs section consist,
. (as discussed previously in section 5.1) of po]ycrysta]?iﬁe Ni or
‘sapphire substrates with evaporated. films of Ni (~ 100 nm) and Pd
(~ 40 nm). The overall thickness (~ 140 nm) of the evaporated layers
is greater than the rénge of the bombarding ions (Rp + ZARplm 90 nm):
Consequently, what is being studied hére is the intermixing between
the small-grained evaporated Ni and Pd layers. _The as-prepared samples |
wére analysed with 2 MeV He+ ion, then raised to a pfescribed tem-
perature and irradiated with 120 KeV. Ar+ ions. After a spec1f1t Ar
dose, the heater was shut off, the sample allowed to cool anﬁ an RBS :
spectrum of the bombarded samples taken. The effective time the samp]qzns
at temperature is estimated from the temperature-time profiles. ;? o
Figure 6.20 shows a typical RBS spectra for a Ni/Pd couple
irradiated at 573K to various doses of IZO-KeV\Ar+ ions. The dots re-
present the spectrum of the as-prepared samp]e,‘ with the peak between
channels 360 -~ 396 corresponding to the Pd signal. A]éo included in Fig.
‘6.20 (for reference) is the RBS spectrum, taken under “identical experi;
mental conditions, of a pure po]ycrystﬁliine Ni sample. The times
ihdieéted in Fig. 6.20 are the times the sample was withf; 20K of
573 K. L / '

R

The RBS spectra of Fig. 6.20 indicate a rapid intermixing of the .
Ni/Pd layers. Evgn for the lowest ion dose, Ni is seen to have mi-
grated through the Pd overlayer film to the surface resulting in a drop

in the Pd surface peak height. The high energy region of the Ni signals
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for the bambarded Ni/Pd couple shows flatish profi]es.betweeh channels

" 340 - 348 indicative of an aimost uniformly mixed region extending over

. the thickness of the Pd overlayer film. The height of the plateay in-
creases, initially’ rapid]y’with irradiation dbse, but siows dan at
higher doses. Thé fact that the height of ‘these flat profiles increases
w1th jon dose indicates that stable intermetallic compounds of f1xed
compos1tion arenct being fomed The extent of the mixed region-is indi-
cated by the increasing backscattering y1e1d, following irradiation,
of the Pd signals in the chanmel 356 to 375-région, and the reduction
in the Ni yields near Ehanne] 316 to 336. The total diffusion-affected
Zone is comparable to Rp + ZARP {n 99 nm) of the bombarding ions and
is confined to the small-grained evaporated films. o

Figure 6.21 shows\typicaI~RBS profiles for a sample annealéd
‘wi thout irradiafion at 573 K. An initial rapid migration of Ni through
| " the Pd f11m, similar to that observed for the 1rrad1ated case, is evi-

® dent in F1g. 6.21. However, the surface Ni concentrat1on levels are
smaller here and,unlike the irradiated case where a surface layer with
almost uniform Ni composition Qas formed, there is a large gradient in

" the Ni concentration i.e. less uniform ]ayers were formed by tHermal.

. -..annealing. ' Also the overall extent of thermally-induced intefmixing:

is less than in tﬁq irradiated case. The diffusion of Pd through the
Ni film (and .conceivably Ni through the Pd film) i§ dominated by a
deeply penetrating tail (channels 350-380) whose overall level increas-
gﬁ initially with annealing time %pd then saturates after ~ 20 minutes

of anneal. Similar saturation of the Ni distribution can be seen in

w

M
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the high'ehergy region of .the Ni signa1.;iFigure 6.20 shows that there
is increased broaden1ng of the interface between the f11ms (near chan-
ne1 332 for N1 and 375 for Pd) with 1ncreas1ng ion.dose. Such broad-
'en1ngs are not evident in Fig. 6 .21 and indicate that, at 573 K, buik
. diffusion effects do not c0ntr1bute much to the 1nterm1x1ng observed in
the pure]y thermal annea] case

The RBS profiles shown in Figs. 6.20 and 6.2 were converted
to atomic concentration profiles using the procequre outlined in seccécn
4.3 (Eq. 4.23). The Pd distribution in the alloy was obtained by
comparing its RBS yield in the alloy to that of a pu;e Pd specimen taken
under identical experimental conditions (e.g. He® beam energy. and current).
The. N concentration profiles were obtained in a similar mahcér,-i.e. by
comparing the Ni yields in the aI]oy.fB the yield'of a pure pq]ycrysta1-
line Ni sample. As discusggd Th section 4.3 the stopping cross-sections
of Eq. (4.23) depend on compositions therefore the.only way to obtain the
concentration distributions is by an iterat%ve procedure and consequently
a computer program was written to evaluate these distributions.

Figures-5.22a and 6.22b show the Pd and Ni concentration distri-
butions respect1ve1y for the alloy of Fig. 6.20, while Fig. 6.23 shows
" the distributions for- the annea]ed sample of F1g‘ 6.21. The error T
the concentration levels is due mainly to the stat1st1ca1‘errors in the .
RBS yields and is ~ 5%, while the errors in the depth scale («»10 )
arise ma1n1y from the accuracy wi th wh1ch the stopp1ng cross sect1on

[col for the.He ions is known. Figure 6;23 for the annealed specimen

shows -that the Pd redistribution following annealing is dominated by a

-

\
. 2\ . .
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penetrating tail extending to a depth of ~ 140 nm, with only a very -
sma1l broadening of the interface. One possible exp1anation'for this
feature if that the redistributed Pg.atoms diffused through the Ni
gfain.bouhdaries with iittle contribution from bulk diffusions. This

state of affairs will continue until the grain goundaries become satura-

ted with solute, then further diffusion will occur with normal bulk-
diffusion diffusivities. In Fig. 6.23, the saturation level of Pd in

Ni is ~ 3%, which is comparable to the fraction of the grain volume

—— -

occupied by grain boundaries, 2§/L = 5% where & is the grain boundary
width (~ .25 nmS-;;d L the mean grain diameter of the as-deposited
films, was determined by TEM to be ~ 10 nm (see section 6.3). The
separate contributions of grain boundary diffusion effects and diffu-

sivities will be elaborated on Jdn section 6.2.3. Here we note that the

(o™

Pd concentration profile of Fig. §.22a for the irradiated case does not
exhidit a deep penetrating tail of constant composition similar to that
observed for the unirradiated, annealed specimens. One possible
eipTanation for this behaviour is as follows: grain boundary diffusion
effects similar to that observed in the arnealed specimens indeed oc-
curred. However under irfadiation. the reqion of the sample affected
by each callision cascade encompasses many grains and grain boundaries
(the linear dimensions of 120 KeV Ar cascade ~ 20 nm). The net re-
sult is dumping of solute, initially at grain boundaries, directly

into the grain interior by the collision cascades. In addition. solute
diffusion from the grain boundaries to the grain interior cccurs, not by

thermal diffysivities but by a larger radiation-enhanced diffusivity . ¢
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resulting from the increased defect concentrations generated by the
collision cascades. As the process continues, the boundaries are fed
with solute and then diffuse into grain interior. However the con-
centration of grain boundaries will decrease over time because of
irradiation- (and thermal-) induced grain growth. Consequently radiat-
* ion-enhanced diffusion within the grains becomes dominant. One then
observes a less rapid build-up in the concentration levels as is in-
deed observed in Fig. 6.22. The mixing process in ion irradiated thin
films, at these temperatures, is greatly influenced both by grain bound-
ary diffusion effects and film re-growth.

"The features discussed in this section for the thermally- and ..
ion-induced mixing of Ni/Pd films at 573 Kare characteristic of all
samples bombarded above 423 K. Figures $.24 and 6.25, for example, are
typic;1 of irradiated and uﬁirradiated sampies respectigé]y at 523K.
Figures 6.26 and 6.27 show typical profiles for samples irradiated and
unirradiated at 623K while Fig. 6.28 shows the spectra for a sample
irradiated at 673K, At 673, the enhancement of mixing by irradiation

s overwhelmed by the thermal contributions.

6.2.2.1 Characterization of Mixing

In this section attempts are made to obtain quantitative informa-
tion on the degree of mixing at each temperature due either to thermal
effeéts only or to thermal plus ion irradiation. Because of the general-
ly extensive level of intermixing observed and the limited thickness of
the overlayér films, anaT}é{s based on the solution of -simple diffus{on
equations is not possibtle. Nonetheless meaningful information reqard-

ing the mixing rates can be obtained either by considering the number of
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atoms mixed beyond the‘origina1 interface or the solution of diffusion
equations where both lattice and grain boundary diﬁfusion contgibute sig-,

nificantly to atomic transport.

6.2.2.2 MNumber of Mixed Atoms )

In this analysis, the numbers of Ni, or Pd atoms enZ which have
been mixed into the other layer, i.e. beyond the iniéial interface
betwéen the two films, are estimated as a function of irradiation dose
and temperature. In this analysis, it is assumed that no substanpia]
migration of the initial interface occurred, an 3ssumption which is
proba51y Justified because of the relatively invariant depth of the
50% compositon levels in Figs. 6.22 and 6.23. Once corrections for the
overlayer film thiﬁkness ramoved by sputtering are made, all the pro-
files pass throygh the initial 50% composition point.

In order to obtain the number of mixed atoms, the backscatter-

---—1ing yields beyond the 50% level are summed channel by channel.. The net
backscattering yield due to the mixed atoms is obtained by subtracting
the yields due to the unirradiated or unannealed spectrum. In Fig. 6.29
the hatched area then gives the net backscattering yield due to Pd
atoms mixed beyond the original interface while the cross-hatched area
gives the net yield for mixed Ni atoms. The number of mixed Pd were
also estimated from the Ni RBS yields by coqjﬁggriné the reduction in -
the Ni yields due to the presence of Pd atoms. The hatched arez W1 of
Fig. 6.29b is due to 'missing' Ni atoms and is related to the number of
mixed Pd atoms. The equivalent RBS yield due to the mixed Pd atams,

W2, can then be obtained from W1:

ey
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d@'pd | Foln

These yields, W, were converted to'tbe number of mixed atoms via Eq.
(4.5)
”:I(NAX).O.QE.M\ .' . -'-
le g5 A0
so that -

W -2

(N&X) = —gf—  at. cm ' (6.21)
Q"Hﬁ" AQ. _

—

—where Q is tﬁé total incident He+ ions, g%-is the differential scatter-
ing cross-section for He  ions thch is given in Table 4.1 for Ni and
Pd, and AQ 1s solid angle subtended at the target by the detector
(section 5.2.4). o
Figure 6.30 shows the calculated mixed Pd atoms cm'z.plotted as
a fugction of Ar irradiation dose for the various irradiation tempera- .

. \
tures. Data for lower temperatures (298 - 423 K) are, within error, simi-

lar to that shown for 383 K and are not included for clarity. The error

_.__bars are due to the statistical errors in the backscattering yield W-tp.— -

equation {6.21) pius ~ 5% error in A0Q. The reproducibility of the
‘measurements is better than the statistical errors and an example is
shown in Table 6.6.
Fig. 6.30 shows that below ~ 523 K, the number of mixed atoms
. cm'2 exhibits, approximately, a2 linear dependence on irradiation dose,
_and mixing efficiencies (mixed atom/ion) of ~ 0.6 at 383 K and ~ 1.2 at

523 K. At 523 K and above, the curves show two dist}hct regions: a
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Fig. 6.30: Plot of number of mixed Pd atems vs irradiation dose at various temperatures.
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Tow dose region where the mixing{increases fairly rapidly with iffediqt—
ion doge, and a second region wheMacthe mixing rate slows to a less
raeid rate.. In the first region the/mixing rate increases with,ir-_:
radiation temperature from "~ 6 atoms/ion at 573K to ~ 35 atomszon at
673K. We believe that th:s initial rap1d mixing rate.xs due to atomic
migration via the gra1n boundaries enhanced by solute d1ffus1on from the
boundaries to the grain interior. This idea is supported by the experi-
mental obéervation og.thermally annealed specimens shown in Fig. 6.31.
This f]gure shows that, at each temperature. the initial rapid m1x1ng
levels and their duration in the. annea]ed cases are similar to those for
the irradiated specimens (e.q. at 673K mixed Pd ~ 65x10° em™2 after 4
minutes for the annealed case and 85x10'° cm® after ~ 2x10'° Ar/em™2 -

§ minutes of irradfation - for the irradiated case). For temperatures
< 673K the initial rapid mixing levels for the irradiated casegiare
higher thaﬁ for the annealed cases probably because of additional contri-
butions to mixing by collisionally induced mixing and radiation;enhanced
mobility into the iaet%ce. In Figs. 6.30 and 6.31, the mixing levels
where the initial rapid rate slows to a less rapid rate increases with

15 2 at 573K and ~ 90x10'5 em? at 673K for

temperature {e.g. ~ 45x10
irradiated cases). If the mixed atoms in this region were contained
entirely within the grain boundaries, one would expect 2 similar 'satura-
tion level' at each temperature since similar concentrations of grain
boundaries exist in these films. The increased saturation levels with

. . ) N\ . , . .
increasing temperatare is a consequence 0f the increased diffusion from

the grain boundarv regions tc the grain intericr. .
—



Fig. 6.6 Number of Mixed Pd atoms vs Ar dose for two sampies
irradiated at 623K. '
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Fig. 6.317: Plot of mixed Pd atoms at various temperatures vs. annealing time.
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In the second region, the mixing rate showsa less rapid rate, with

mixing efficiencies close to ~ 1.5 at/ion. This slower rate is believed

to be due to two majur effects. First, &t the end of region one, all

grain boundaries are saturated with solute and further mixing will occur
by normal bulk diffusion (with bulk diffusivities for annea]ed casés and
radiatiﬁn-enhanced diffusivities for irradiated cases), with the grain bound-
aries serving mainly as a source of soiute and possibly as defect annihil-
ation sinks. Secondly, the concentration of grain boundaries decreases
with time either as a consequence of thermally-induced or radiation-
induced grain growth or both. The comsequence of these effects is a
slowing "down of the mixing rates,as observed. In section 6.3 the
experimental evidence‘for radiation/thermal-induced film groch will be
presented. Here we éiﬁpiy note that'o;her authors, Wang et al (1985)

and Liuet al.(1986), have observed grain growth in irradiated Ni and Pd-
thin films as well. Liu et al's results show that for Pd films irradiat-
ed with 185 Kev Ar' ions, a saturated grain size is obtained after a

dose of ~ 4x1015 Ar cm'z. This dose is comparable to the onset of
the slower mixing rate region observed in Fig. 6.30 and iends support

to the arguments advanced above. .

iy
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6.2.2.3 ‘Estimate of Diffusion Coefficients

(I) Annealed specimens

.Diffusion in small-grained po]ycryst;11ine metal films such as those
‘under discussion here‘is complicated by the fact that diffusion may occur
preferentially along grain boundaries and other defeécts. However, since
grain boundaries comprise only a small fraction of'the total volume {given
roughly By 26/L where § and L are grain boundary width and grain diameter
réspective]y),from a2 geometric argument alone, oniy a féw at.% of solute
cau]d be Iodéed in the grain boundaries. In the present case,where the
mean grain diameter L é 10 nm and assuming 26 ~ .5 nm, the maximum Pd
concentration inlfhe Ni grain boundaries will be ~ 5%." Consequently one
would expect'a Pd concentration of ~ 2-5% saturating the grain boundaries.
On the other hand, in the temperature range under consideration (298-673K),
- simple lattice diffusion is not exﬁected to contribute much to atomic '
transport. Borovskii et al. (1970), for example, have measured the inter-
diffusion coefficients of a senies of Ni/Pd bulk alloys at high temperatures.
An extrapoiation of their values far a 20% Pd alloy to low temperatures

gives a D,{Pd) 6f ~ 2x107%% em® sec™! at 673K, resulting in a diffusion

| length VDt << 0.1 nm after a 20 hoﬁr anneal at 673K.

' Figures6.32(a,b}, 6.35(a,b) and 6.34(a,b) show the concentration
pro%i]es‘for samples annealed, without irradiation at 573, 623 and 673K
respectively, with the (a) series showing the Pd distribution and the (b)
series the distribytion for Ni. In these figures, the surface Ni concentra-
tion level is seen to increase with annealing time at a specific tempera-
ture, and with temperature for constant annealing time. The Pd distribut-

ions in [i are characterized by a deeply penetrating tail extending> 100.

nm into Ni; at each temperature, the concentration level (at a
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depth of ; 100 nm) saturates after ~ 40 minutes anneal (at ~ 2.5%, 5% and
v 10% at 573, 623 and 673K respeétive]y). These extensive interdiffusions
therefore cannot be expiained solely on the basis of grain boundary
diffusion, byt rather the diffusion ﬁode] must include coﬁtributions from
both grain boundary effects and enhanced lattice diffusion. Enhanced lat-
tice diffusion may result from a high, nonequilibrium concentration of
vacancies or dislocations (Baluffi et al. (1978)) in the as deposited films-
and may be orders of magnitude greater than normal lattice diffusivities
{Poate et al. 1978). | "
A theoretical model to describe the interdiffusion in systems such
as this, where both grain boundary and Tatfice diffusion effects contribute
to atomic transport, has been presented by Whipple (1955)‘and discussed
extensively by several authors (e.g. Fisher 13851, Levine et aT. 19539,
Benoit et al. 1975, LeC]airg 1963, Gijmer et al. 1976, Holloway et al.
1976 and Gupta et al. 1978)}. Its apélication for the finite source and
thickness condition of the present work has been described by Suzuoka
(1961,1964) and Gilmer et al. (1976}. 1In Whipple's model an idealized
singl® grain boundary, with dimensions 25 perpendicular to the plane of
the film (Fig. 6.35a),is assumed. The concentration profile of the diffus-
ing species at any piane parallel to the film surface therefore consists
of two contributions: (1) a concentration C, due to lattice diffusion
from the initial interface in a direction normal to the film and (2) con-
centration C, due to sideways diffusion from the grain boundaries into

the film, so that C = C,+C, where .

C, = Coerfe (—l— (6.24)
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Fig. 6.35a: Geometric model for grain boundary diffusion.

192

-



193

for a semi-infinite source condition, and
_y2

C -(6.25)

= exp —-
Vog(mon)® T ap,t
for"a finite source. The contribution C, of the sideways diffusion is

given by -
erfc( x-$ Yerf (—L

)
0 ' ' 6.26
20ye)% - 20DF 6-28)

C2 =C

or
Cz . exp X erfe( ) )
4D t 3 ]
/Dyt SO 2/623:)

for finite source where C, is the composition at y=0 (initial interface),

y and x are distances measured normal ard perpendicular to the film res- o
pectively, D£ is some enhanced lattice diffusion coefficient and t is anneal-
‘ihg time. The average concentration in the film measured by profiling
technfques such és RBS is an average concenfration in the film plane and

is obtained by averaging C over the plane:

T L/2
-_ .] .‘I.
C'L—/?[ Cdx + 2- 75

O - .

L/2
{ C,dx - (6.27)

b: )

where L is the grain size. Baglin et al. (1978) have shown that for the
infinite source condition, provided L >> Z(Dﬂt)%;fﬁ is given by .
- Sk
8(Dlt)

C .27 erfe(—IL—) {7
[~ 2(Dgt);5

8(u;t)*

}o. (6.28)
L'rrss '

Gilmer et al. (1976) have considered the problem of grain'boundéry_



- 194 .-

assisted diffusion in thin fi1m$ of finite thickness, a containing mul-
tiple grain boundaries. Their analysis shows  that, for temperature and
diffusion times low enough such_tha; the diffueion length /Dt << L, the .
concentration profilé between the grain boundary and the Centre of the
grain is not appreciably different from the profile that would be obtained
 from the ideaiized single grain boundany modei. Consequently, the form-
alisms developed for an-iso1ated grain boundary in a thin film may, in
most cases, be applied directly to polycrystalline thin film systems as
well.
a) Ni Diffusion in Pd

Equations (6.24)-(6-28) show that,near'the interface (small y), the
concentration distribution is dominated by lattice diffusion {error function
type for infinite source and gaussian for finite source}. However at larger
distances, the concentrations are dominated by C2 since‘c1 decreases very
rapidly with depth. Consequently fhe grain boundary diffusion coefficients
can be determined by considering the concentration levels at these large
depths. Before estimating the grain boundary diffusion coefficients, how-
ever, we note that Eq. (6.28), describing the average measured concentration,
consists of two parts: tne first term, which is independent of depth vy,
describes the rate of the rise of the concentration level, in the fi]m;

with annealing time t

- _'3(0};’1;)35
= CE ng

%

and follows a t* dependence. Thus by plotting log (%—J vs log t, a straight
0

1ine with slope = 0.5 should be obtained, from which the enhanced lattice

-
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diffusivity Dé can be obtained. Fig. 6.35b sﬁows a plot of the Ni'c0ncen-
tration at the plateau versus time for samples annealed at various tempera-
tufés. The plateau concentrations plotted in Fig. 6.35b were obtained by '
averaging ‘the Ni surface concentrations within ~ 30 nm of the surface.
The'straight Tine through the points_are drawn with siope = 0.5. Qé can

be obtained from the plateau concentration provided the mean grain diameter,
E, is known. In this analysis an average diam%ter'between the grain dimen-
" sions of the as-deposited films and the grain dimensions after anneal is
used. Table .6.8 shows fhe diffusion coefficients (Mi in.Pd) calculated
using this method.D; (Ni and Pd) can also be defermined from the second
term of Eq. (6.28) which is significant only in the region near the inter-
face. This is obtained by taking the slopes of the concentration profiles.
In this case, however, because of the Timited thickness of the Pd over-
layer, only the short time annealing data can be used. For longer anneaJ.
times, the Ni distribution in the film introduces a considerable uncertain-
ty to the error function profile near the interface. The diffusion coe%—
figients are given by !

' Cg 1 1 '
D = { - } " (6.29)
7(t)-t,) (dc)‘z (dc)z .
dy’'y &,

where (%ﬁ-l_and (gﬁﬂ are the gradients, taken near the interface, of

the concentration prﬁfi1es after annéaling for times t, and ts respectively.
Table 6.8 and Fig. 6.35c show the diffusion coefficient for Ni

‘-diffusing through Pd obtained by the two methods described above. Except

at 523K, the values determined from the plateau concentrations are consist-

-
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Table 6.8: Measured diffusion coefficients for Ni in Pd for samples
. annealed at various temperatures. '

197

D {Ni in Pd) cmzlsec

x 10716 \
- T(K) _ from p1atead rise from cent;e gradienf, %5—
5%3 0.28+0.07 Q.22+ 0.05
573 1.02+0.25 3.59+ 0.7
603 2.3 0.5 11.40= 2.6
623 5.03:1.1 ) 52.0 =10.4
673 28 6.0 LA “
973 110.0

Table 6.9: Measured Pd (Pd in Ni) diffusion coefficients following
annealing at various temperatures

- T{K}

Al

D(Pd in Ni)

>c10"]6 cmz/sec

523

573

603

623
673

!ﬁ}

0.33= 0.08
3.04x 0.7

7.13= 1.8

18.0 = 4.5
56.6 *14.1

(L]
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tently Tower by a factor of 3-10 between 573 and 623K. This discrepancy is
probably due to the fact that 2 single average grain diameter (~ 50 nm) was

assumed over the ent1re-te@perature range in the calculations. —

w

!

(b) Pd Diffusion in Ni
The diffusivities for Pd diffusing through Ni were also evaluated
?rom the Pd concentrat1on profile. The observed prof1les indicate that
at the temperatures and annealing times of the expériments, the Pd over-
Ieyer film can be considered a finite source with a concentration profile
{in the absence of grain boundary diffusionj of the form
2

exp —L
4D t

‘M

Cly,t) =
‘ 2¢nD£t

T o = e

Twhere the symbols have been defined prev1ous1y Figures {6.36)~(6:38)
show plots of the log of Pd concentration versus the square of beﬁetration
distance for samples ennealed at 573, 623 and 673K. In the region near
. the original interface, the curves shew a linear dependence of Tlog de on
the square of;the penetration distance. Atldeeper depths, however, there
is considerable deviation from this Gaussian distribution due to grain
boundary assisted diffusion.

From the slopes of the. linear portion of the curves near the
interface, the lattice diffusivities, D, can be obtained. ~Because of
the finjte slope of the un-annealed profile the diffusion coeff%cients
were evaluated by.subtracting5 in quadrature, the slopes of the annealed

and un-annealed profiles

‘2 lz (2.3)2(a0,) *1£3-e2} o (6.30)
] 2
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.

hhére S] andls2 are the gradients of the log C vs y2 curves after.annealing
for times t, and t2 respectively.. Table 6.9 lists the diffusion coefficients
for Pd in Ni calculated in th1s manner for various annealing temperatures
(523 673). The uncerta1nt1es in these values are due mainly to the errors
in the concentration levels (v 10%), annealing time (~ 10%) and the
gradients {~ 20%). At high temperatures (623-673K) where considerable
-Ni surface concentration oécdrs and hence where short time annealing data
- had to be used for the.ana1ysis, the errors in the D; values could.easily

surpass 50%. e

The D; vaTues'(fot;Ni in Pd, and Pd iﬁ Nj) sﬁown in-Tables 5.3 and
6.9 are, within érror, ofiéihi]ar magnitude indicating thaf what is being
measured heré are the interdiffusion coefficients.

" In Fig. 6.39 ‘the Pd diffusivities are p1otted versus reciprocal tem-
perature assuming an Arrhenxus behaviour. Also shown in the figure are the
interdiffusion coefficients BL(Pd) of a 20% Pd-Ni bulk_ alloy {Borovskij '1967).
The present va]ues‘are order§ of magnitude higher than the bulk values. As
discussed earlier, these high D; values are probably due to enhancement of
. lattice diffusion in thin films, probably by a'high concentration of non-
equilibrium (e.g. dislocations) and equ%]ibriuﬁ defects present in the evapora-
ted films. The observed activation energy of ~ 1.120.07 eVis similar to that
ob;erved for the recovery of resistivity (0.9-1.27 eV} in cold-worked Ni and )
Pd specimens, and lends support to this view of a defecg-enhanced lattice
diffusivity. Also inciuded in Fig. 6.39 is the D; value measured on a

sample annealed at 973K (and analysed by the Auger depth profiling

technique}. This shows that, at high temperatures, the diffusion constants
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measured in thin films ;pbroach bulk ya1ué§_as the role of equilibrium de-

fects becomes domfnan;.

6.2.3 Pd Diffusion in Ni Grain Boundaries

As mentioned earlier the deeply penetrating tail in the Pd concen-
tration profile is due largely to grain boundary diffusion; hence from its:
gradient the grain boundary_diffusivity,‘ DB,can be determined. Levine et
al. (7960) and LeClaire (1963) have-ghown that Dy is best evaluated as a

lumped parameter GDB from the egquation

. : '. % y
-5/3 4D S
g = () g - (0.68) (6-30)
575

G}éayhere ¢ is the grain boundary width, C is the concentrdtion‘at depth y, where
the contribution of lattice dfffusion to.€ is small,. t is the annealing
time and D, is the lattice diffusivity.

Figure 6.40 shows té; 'whipple' plot of log C versus yG/S for
the interdiffusion profile of Pd in Ni at 573K. Tﬁe curve exhibits twp
regions: near the interface lattice diffusion dominates,while at deeper
depths the graih boundary condition dominates. . From the gradient of the -

6/5 -20

curve,a value of 6D, = 2.5x10 cm3-sec:'T was determined.

B
Assuming a grain boundary width & ~ 0.5 nm, this gives DBﬂ»10'13~cm2-sec-1

log € versus y

as the value of the grain boundary diffusion coefficient at 573K. This .
procedure was used to evaluate DB at 523K (DB ~ 5x10'13 cmz-sec'I) gnd

at 623K as well. Assuming a similar grain size and structure in both the -

Ni and Pd films, and uéing a:simﬁ1é“y’=“fDBt for the diffusion length, we

estimate that, at 523 Ri would have diffused'through the Pd 6ver1ayer film
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(~ 40 nm) after t 4 ﬁinutes ‘as was indeed observed.
In Fig. 6 39 the D vaTues are also shown plotted versus 1/T The
slope gives an apparent activation energy Eg = 1.38 eV for grain boundary

diffusion of Pd, and a prefactor Dg ~n 0.75 cm? sec™.

This activation
energy is\y_%-the-reported activation energies (2.7-2.8 eV) for self .
diffusion in Ni and is consistent with expected activation enérgy for
graih boundary diffuﬁion'(Atkiﬁson 1985) {0.5-0.7 of activation energy for
lattice diffusion). The EB value is however hfgher than that determined
for the enhanced Eattice diffusiyity D; ahd supports the argument tﬁat the
lattice diffusivities in thin films are enhanced by.defects.

Grain boundary diffusivities for Ni were not esti@ated from the
Ni profiles. Becausé of the limited thickness of the Pd overﬁayer film,b

‘ref1ections at the Pd surface lead to rathef flat Ni concentration profiles

in the film. Consequently, any slope, Q&%%—, taken from such profiles

~

-

is 1ikely to 1ead to Targe errors in GDB

.
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(11). Irradiated Specimens

Figure 6.22 shows the Ni and Pd concentration profiles following

15 jons cm'z).

Ar' irradiation at 573K to various ion doses (0.7- 14x10
First, one observes that the penétra;ion depth of the Pd distribution

in Ni correlates with the range (Rp+'2ARp ~ 100 nm) of the bombarding
jons. Secondly, the concentration level of the deep tail (ascribed to
grain boundary diffusion) is much less here compared to the levels ob-
served for annealed (without irradiation) specimens (Fig. 6.23). This
is revealed more clearly in Figs. 6.4* and 6.42 which show the 'Whipple'
plots for irradiated and unirradiated samples respectiveTy; Fig. 6.41

. Shows tﬁat, éxcept for the lowest doses, log C has an approximately

6/5

linear.dependence on y '~ over mast of the concentration range and,

after a dose of ,'lx]()'Is an”2

» the distribution can be approximated by

a single diffusion coefficient. Also Fig. 6.41 shows increasing

build up of Pd cdncentration near the interface with increasing dose.
On the othgr hand,'the profile of the anﬁea]ed specimens (Fig. 6.42)
show two distinct regions, even for long annealing times: Lattice
diffusion behaviour near the inter?ace, and grain boundar§ diffusion
dominated behaviour at deeper depths. The Pd concentration at the
deepest depth is ~ 4% (after 40 minutes anneal) while it is little
more than 1% in tﬁe irradiated case. It is as if, in the irradiated ..
case, there is competition between grain boundary diffusion to deeper
depths gnd radiation-enhanced lattice diffusion ﬁear the original inter-

face.
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Though the details of the processes respons1b1e for the above
behav1our may be difficult to unravel, a qual1tat1ve p1cture that ax-
:p1a1ns the observations can be sketched. Firstly it is well known

that apparent activation energ1es, E red’ for radiation- ‘enhanced d1f—
fus1on processes in meta1s, in_the temperature regime under cons1der-
ation, =re typically of the order{bf 1/2 the vacancy migration ener-
gies (section 3.3.3) while EB,.the activation energy for grain boundary
diffusion, are typica11y‘y 1/2 the activation energy for self diffusion

-2

- (Gupta et al.. 1980). .Though Dg (v .75 cm sec']), the prefactor for

grain_boundary diffuston coefficient, is quite large (see Iast‘section)
compared to Dged(m 10'3-cm'2 secf? assuming DE ~ DEE;),'the exponential
dependence on the activation energies dominates the diffusivities.
Consequently, at 573K, Og is probably no more than a facter of 10°

. greater than D' é~compared to“D /D %'106 Secondly, as ment1oned earl-
ier, the co111s1on cascade affected Zone encompasses many grains and grain
boundaries. Hence, it may lead to dumping of solute, initially in the
~grain boundaries, directly'into the grain interior and therefore a :
. reduction in the‘c0ncentration gradient along the boundary. The net
result is that, though grain boundary diffusion indeed occurred, the-

concentration profiles, except at low dose and possibly low dose rates,

- are‘no Tonger distinct lattice and grain boundary portions The pro-

cess is also probably he]ped by 1rrad1at10n 1nduced gra1n growth which
may lead to a fasSter rate f dwsappearance of grain boundar1es compared

to purely thermal-induced grain growth. .
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« Effective Diffusion Coefficients Under Irradiation

In section"5.2.1.2, a collision cascade-induced m%xing model was
proposed. This mode] however cannot bé:used to estimate the diffusivi-
ties in the temperature rdnge‘under present consideration because of
thermally-induced diffusion of irfadiaFiBanroduced defects. In these -
circumstances, the diffusivities are estimatéd from thermal diffusiOn 

* models discussed in the last sections. In this case, however diffusi-
‘vities at ~ constant irradiation dose (%) and dose rate (&) were con-
sidered and ¢/¢ was used in place.of the annealing time t.

_Figures 6.43 and 6.44 show typical Pd concentration profiles for
samples irradiated to variouﬁ,Ar doses at §é3 and 573K respectively.
In Figs. 6.45 and 6.46 the log of Pd concentration i5- plotted versus
the square;bf the penetfatioﬁ‘dﬁstance. From the slopes of such curves
near the intgrface; effective diffusion coefficieﬁts under irradiation
were obtained. From the low dose curve of Fig. 6.46, the contribution
of grain boundary diffusion can also be assessed, gssuming purel} thermal
diffusion along the boundary. .

The results of the effective diffusion coefficients, Do ESTI-
mated in this-manner are shown in Fig. 6.47 where Deff (Pd) is plotted

“versus 1/T. Also included in the figure are the bilayer results (section
6.2.1) for lower temperatures (298-423K). The thermal annealing result
of the last sect{on is_ﬁﬁ@b included for completeness. The figure ex-_;
hibits both a weakly temperature-dependent region below 423K and a strong
temperature-dependence above ~ 423K. Least squares fitting to the region

with strong temperature dependence yields an apparent activation energy

. U
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Ea A 0.57+0.07 eV, similar to that obtained in seciidn 6.1 for the sprgad-
ing of buried markers; this is » 1/2 the activation energy for the ther-
mal anneé1 case. This low activation energy is’ typical of what is ob-
tained for radiation-enhanced diffusion effects {section 3.3.3) and is
due to the enhanceégat of diffusion by irradiation produced defects.’
Because of fhe very extensive mixing observed for.samp1es(;;;za§at-
ed at 673K, the D . at this temperature, is probably in error by > a factor
of two. Figure 6.48, for example, shows'th€ concentratién profije for a
-samp1e annealed at 673K fdr 3 hours and then irradiated to various Ar+

13 cm'z). At this temperature both grain boundary and defect-

doses {5-25x10
enﬁanced Jattice diffusion_is very rapid. The figure shows that after 3
hour anneal Pd distribution extends through the small-grained evaporated
Ni film to the polycrystalline Ni substrate. At this temperatdre. the
poljcrysta11{ne Ni (grain size ~ 1 mm) is effectivéiy a barrier to dif-
fusion (ét 673K DE v ‘5::10'22 cmzlsec—]). Consequently Pd accumulates at
_the evaporated Ni/polycrystalline Ni interface.and.is subsequently re-
flected into the fijm; This process is evident in the concentration
profiles for the 3 hour anneal of Fig. 6.48. Subsequent jon bombardnent
led to homogenization of the concentration profiie, especially in the
region éf maximum elastic energy déposition and therefore maximum.defept
production. Ionfinduced mixing between thin film Pd and large-grain
(single crystal and polycrystal) Ni wi11”be discussed in the next section.
Here we simply note that the Pd profile after a dose of 2*§§lgl§\§m-2

shown in Fig. 6.48 indicates that the effect{ve diffusion coefficient is

very high, though its value cannot be obtained from the profile.

4
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6.2.4 Ion Mixing of Thin Film Pd and Largeferain Ni

In this section the experimental resuits of the mixing of evaporated

Pd film with large-grain polycrystalline Ni (grain size n~ 1 mm) and single

crystal Ni (100 .erientation) are presented and discussed.
: \

6.2.4.1 Anneaied'Specimeﬁs
| Figpre_6.49 showﬁlthe RBS spectra, before and after anne§1ing,
typical of polycrystalline Ni/Pd couples annealed, without irradja;jon,
at 573K. Similar spectra for single crystal Ni/Pd couple annealed at
64éK are shown in Fig. 6.50. The fiéures show a rapid migration of Ni
tarough the Pd film to the surface. The Jow energy edge of the Pd signal
and the high energy edge .of the Ni signal show only very small broadenings
: of the initial %nterface, indicatingzihat interdiffusion through the lat-
tice is very small, and that much of the interdiffusion is due to Ni
migrating through the Pd grain boundéries. Also the penetrating tail
observed in the high energy edge of the Nji signal. is not observed in the
Tow energy portion of the Pd signal, signifying that grain boundary dif-
fusion of Pd into these large grain Ni. specimens is not significant at
this temperature. |
The RBS spectraof Figs. 6.49 and 6.50 were converted into concen-
“tration-depth pRofiles and are shown in Figé. 6.51 and 6.52. Figure 6.51
contrasts sharply with Fig. 6.32 (for smali-grained Ni/Pd couple) where
a deeply penetrating Pd tail extending to > 100 nm into Ni and a Ni
surface concentrationibf ~ 30% were observed. In Fig. 6.51 (and Fig.
6.52) no such extensive diffusion of Pd is observed, justifying the

previous explanation of érain boundary diffusion. The Ni concentration

~

i Hr)
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near the surface amounfs to only ~ 10% after ~ 60 minutés anneal at 573K.

The Ni concentrations are somewhat larger than necessary to saturate the

Pd grain bouhdaries (~ 5%) assuming the same grain size and structure in

.this case as described previbus1y for Pd on evaporated Ni film. One pos-

sible explanation for this is that diffhsion through the Pd film was
enhqé&ed by defects present in the as-prepared film. Secondly, once the '
Ni atoms have diffused to the Pd surface, they may then diffuse back into
the £ilm. | '

" Effective diffusion coefficients.for these annealed samples were -
obtained by taking the gradients of the concentration profiles near the
origina1 interface. In thfs ana]&sjs the gradients of the profiles after
two different annéajfng times (1 and_3 hours fpr-samplés annealed at
573K) were consi@ered since the change in the gradiént befween the as-
prgpared profile and the first annealing cyc?é is greatly infTuencgd by
grainboundary diffusion of Nf through the Pd film. The results of this

analysis (Tablé 6.10) gives B(Ni) ~ 2.2:0.8x107"7 cn® sec™' and D(Pd) ~

v cmz‘sec'] at 573K,and D(Pd) ~ 0.51:2x107 "7 cm? sec”!,

1

~

B(Ni) ~ 1.5520.6 107" cm® sec’ for Ni crystal/Pd film couples annealed

-

at 648K'. The errors in these values are large because as Figs. 6.51 and

'_6:52 show, the slope near the'interfacé did not change much with anﬁeali

in§ cycles. Because of the inverse square-dependence 6f D on the
gradients, a Sdi error in the grad{énts can easily 1ead to a faqur of 4
error in D. A]go the reduction in the gradients at the interface follow-
ing the initial rapid diffusion of Ni through the Pd film necessarily
introduces some error to the subs;;uent gradients and may lead to high values

for D; consequently the values reported here are probably upper 1imit values.

7
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- Nonetheless, thé measured 5 values are 'considerabiylower éhaﬁ those
determined for sma11-gra1ned Ni/Pd couples (sections 6.2.1-6.2.3). At
573K the present values are about a factor of 30 less than that reported
in sect1on 6.2.2. At 648K, D(Pd), for Pd diffusing into s1ng1e crystal
- Ni, is ~ 3 orders of magn1tude less than is measured on small-grained

- Ni/Pd couple and is in qua11tat1ve>agreement with extrapolated values

| (Borovskif et al. 1967) fbr a 10% Ni/Pd bulk alloy. ' .

. « AY first sight it is surpr1s1rg that similar values of D were
obtained for po]ycrysta111ne Ni/Pd couples anneaIed at 573K, and single
crystal Ni/Pd couples annealed at 648K. One possible explanation for
this is that-the Pd layer after anpealing at 648K ?orms some epitaxial

'v’relé?ionshjg with the underlying single .crystal Ni. Consequently the

Pd grain size in this case is-probably larger than in the polycrystalline
Ni case resulting in a reduced influence of grain boundary diffusion on
the profile.  Indeed RBS/channeIiﬁg analysis in the aligned and non-
aligned diﬁections‘after 83 minutes anneal shows ~ 10% reduction in the
Pd peak yield for the'aligned direction, thu; confirming the epitaxiai

nature of the film.

6.2.4.2 Irradiated Specimens - —

- ‘ - ) ’ .
Figure 6.53 shows the RBS spectra for a N1 crystal/Pd couple

15 -2)

1rrad1ated at 298K to various doses (0-35x10 of 120 Ke\f._Ar+

ions. The spectra have been shifted to compensate for the Pd Tayers
removed by sputtering and to reveal more clearly the ion-induced broad-
ening of the initial interface, similar to that observed for small-

gfained Ni/Pd couples at this temperature in section 6.2.1. Irradiated
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polycrystalline Ni/Pd couples-also show similar behaviour. The high

- enérgy;edge of the Ni signal and the Tow energy edge of the -Pd s1gna1

16

(for doses < 2.5x10°° em” ) can be fitted to ‘error function profi]es

2

from wh1ch a mixing parameter Ac can be. extracted (as descri bed pre-.

_viously in section 6.2.1). The present results give Acz =.102.5:11_'

_'(nm)2 (¢ = 2.5x10

16 ~29

Cm-z)_ for the mixing parameter and A02/¢= 4.1x10

‘an*/ion as the diffusion coefficient per fon in qualitative agreement

with the results reported in section 6.2.] for small-grained-épe&imens.
This result indicates that at 298K grain boundary diffusion |

either in the small-grained Ni or single crystal Ni/Pd couples is not

important and the observed mixing is entirely attributable to collision-

a]Iy 1nduced mixing. X

Figures. 6. 54 and 6.55 show the RBS spectra for po]ycrysta111ne'
Ni/Pd coup1es irradiated at 573K and 673K respectively to various Ar
doses (0-30x1015 Ar' an” ). Figures 6.54 and 6.55 compare with Figs.-
6.49 and 6.50. for samples annealed,-kithout jon bombardment, at similar
temperatures. In Figs. 6.54 and 6.55 a dose of 5x10'° Art em~2 took
~ 15 minutes}so that the spectra for the highest doses compare with that
for thé first annealing cycle iﬁ Fig. 6.49 and the last annealing cycle
in Fig. 6.50. The two sets of f1gures show s1m11ar 1n1twa1 rapid diffus-

ion of Ni through the Pd film by grain boundary diffusion effects dis-

[

’ cussed in the previous sections. In addition, however, the spectra of

the irradiated specimens show Iaréer broadening of the initial interface
due in part to both collisionally-induced mixing and radiation-enhanced
diffusion. Alsc the Tow energy edge of the Pd signal in Fig. 6.55 shows

penetrating tails (between channels 336-352), indicating possible diffusion
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of Pd along graindboﬁndaries or dis1ocatioﬁs in the Targe-grain Ni sub-
strate. However, this feature was hard1y observable fon‘the unirradiat-
ed, annedled specimens and must therefore be 1rrad1atmon:1nduéed ~This
fact, in addition to the large grain size of eaé\,J/ﬂ» 11hn), suggests
that the penetrating tail is probab]y not due to grain boundary diffusion.
On the other hand, radiation damage in metals following heavy ion irra-.
diatiOn'is typically observed as dislocations (Pronko 1974, Chen 1973,
Al-Tamimi et al. 1985) rather than isolaied wholly-displaced atoms.
Conceiyabﬂy, such dislocations can give rise‘to rapid diffusion paths,
resulting-in penetrating tails. Figure 6.55 showe that the depth of the
senetrating tail compares with the ion range (Ry+ 2R ~ 100:nm)‘thus.
indicating that Pd migration is limited ﬁo.the jon. range, and strongly
suggeéts_that diffusion along dislocations resulting from ion bombard-
* ment is responsible for the observed penetrating tail.

Figures 6.56 and 6.57 show the concentration-depth profiles
derived from the RBS spectra of Figs. 6.§4-and £.55. Compared to the
profiles shown in Figs. 6.40 and 6.48 for sma]f—grained Ni/Pd specimens
irradiated at similar temperatures, one observes a dramatic reduction
in the interdiffusion for the large-grain Ni/Pd couples especialty at
§73K. In Fig. 6.56a, the surface Pd concentration at high doses (15 and

15

20x10'° em™?) §s somewhat in doubt because, as Fig. 6.54 shows, the

reduction in the peak‘Pd yield is partly due to sputtering effects. For

example after a dose of 30x10'° -2

ArT em™°, almost half of the original film
(~ 40 nm) was removed by sputtering, and the thickness of the remaining
film is now comparable to the detector resolution. The true Pd surface

concentrations can be extracted, however, from the Ni profiles (Fig. 6.56b)
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which were caiculated independeht]y of'thg Pd profile. The figures'show
that even‘for doses that are ~ a factor of 5 higher than ‘those used for
the small-grained couples, the interdiffusion in the large-grain Ni/Pd
coﬁp1es are still some factor of 3-4 lower. Obviously the absence of a
high density of grain boundaries in the latter is msst1y responsible for.
this behaviour. As pointed out in section 6.2.3,2t 673K extensive lat-
tice diffusion under irradiation fesu]ts'in the overlap of diffusion
fields from adjoining grains and consequently results in concentration
profTTés from which the separate lattice and grain boundary portions afe
no longer distjnguishab]e. - Such overlapping fields are not observed in
Fig. 6.58 which is a 'ﬁhipple__p]ot' of the concentration profiles for
the large-grain Ni/Pd couple irradiated at 673K. Both the lattice and
dislocation-assisted portions are clearTy distiﬁguishab1e,simp1y because
the Ni ‘grain sizes are large enough to prevent overlap of diffusion -
fields from adjoining grains.

Effective diffusion coefficients under irradiation for these large-
grain_Ni/Pd couples,calculated as outlined in section 6.2.3,are listed
in Table 6.10 together with those for the annealed specimens. Also in-
cluded in the table are some typical small-grain D values, and Dd.'the
coefficient for diffusion along the rapid diffusion path in large grain
Ni at 673K. The table shows that for irradiated specimens, their dif-
fusion is enhancéd by more than one order of magnitude compared to un-
irradiated annealed specimens,.and in contrast with irradiated small-
grained Ni/Pd couples where an enhancement of ~ a factor of 2 was’ ob-

served ét 648K and almost none at all at 673K where grai\ boundary_
'

)
— i

~
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: _effects‘oyerwhe1med the interdiffusion. Also, éombared to sma11;grained

lspecimens,‘both the thénnaj énd radiafion-ehhanced coefficients are”ibﬁer

in this ‘case. In fact at 673K, Orad (1arge graih)}:bﬁﬁsma11 grain) suggest-
ing that in the analysis and interpretation of ion béam—induced mixing ‘

- of thin metal films at eiévated fempe;atures (3 400K in this_caée) grain

‘boundary diffﬁsion effects may be as fmportant as irradjat{on effects}

14 2 -

" Also Dd(Pd) for large grain specimens (1.32x10 sec  at 673K) is

more than 2 orders of magnitude less than in the small-grain couples.

L

!
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6.3 IRRADIATION INDUCED GRAIN GROWTH OF Ni/Pd‘THIN FILMS’

In this section results are presented of ‘the experiments performed

fto assess the evo1ut1on of f1lm m1crostructure resulting from ion bom-
bardment,of Ni/Pd films. Samples for these experiments.were prepared, as
described in section 5.1, on freshly cleaved NaCl crystals and consist of

~ 30 nm Ni and 30 nm Pd evaﬁorﬁted layefs. The NaCl/film cbmposites weré

15

jrradiated to various doses (0-20x10 cm'z) of 120 KeV Ar+ jons at 298K -

and 573K. The resulting microstructures of the films were studied with
.traﬁsmiSsion-eIectroﬁ microscopy (TEM), and the results are correlated
in the mixing results repoFted in section.6.2.

F1gure 6.59 shows the TEM. m1crographs and respective diffraction

patterns for un1rrad1ated films and for f11ms 1rrad1ated to 5 and 20x1015

2 L

Ar cm ~ at 298K. The mwcrograph and diffp€Ction pattern of the unwrrad1at-

ed spécimen show that the as-prepared filg}cbnsists of small-grained

Lo~

randomly oriented grains with mean grain diameter L.~ 10 am. Figure
6.59(b) shows that considerable recrystailization and grain growth results
from 120 KeV Arf irradiafion. The micrographs indicate increased average

grain size with increasing Ar(ﬁése. Also the diffraction rings become

16 -2

increasing1y sharper and spotty; after a dose of 2x10 » the pat-

terns show largely discontinuous spotty pattern. These spotty patterns

reflect the increased grain size in the film. The mean grain diameter,

16 2

L after a dose of 2x10 is v 50 nm; ie. it is comparable to the

film thickness.

Figures 6.60 and 6.61 show the TEM micrographs and diffraction

patterns for specimens irradiated at 573K with 2x]016 Ar+ c:m'2 and
15 -2

510> Kr' c¢m - respectively. The mic¢rograph of the Ar-irradiated film
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shawg a unéform microstructure with average dimensions ~ ‘60 nm.. The -
 diffractjon pattekﬁ shbws strong_difffacticn-Spots jndicating preferred
brientation of some of the grains. The kr—irradfated specimens have |
_ larger average grain size ~ 80 nm (note the different scales on the
microéraphs) Qnd the diffraction patterﬁfghows.only discontinuous spotty
patterns. Sucﬁ pattérns reflect the incfeased grain'size in the fiim.
It also indicates tﬁat theé’ grains are essentially randomly oriented.
The 1arggr grain size and the lower dose nee&ed to achiéve it in the
.case of Kr-irradiation are probably due respectivé]y to the cascade
size and damage energy of Kr+ ions compared to Ar+ ions. .Th; epitaxial
nature of the AF-irradiated film is probably dué to the influence of
thermal effect. ) |

The observed thermal- and irradiation-ifiduced g}ain growth are
“in qualitative agreement with the arguments presented in section 6.2;3
that the rapid initial mixing levels observed ultimately slow to a less

4
_rapid rate partl]y because of increased average grain size and reduction

in the density of grain boundaries.
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6.4 ELECTROCATALYSIS OF THE HYDROGEN E?SLUTION REACTION ON ION MIXED
- Ni/Pd ' - .

In this section-results are presénted of the experiments Eerfdnmed
 to study the H,-evolution reaction on ion beam mixed Ni/Pd &119ys.~ The
electrolyte was a concentrated caustic solution made from ~ 30 w/0 KOH
and doubiy distilled water. The solution and electrode preparations for
these measurements, as well as the pdtentiostatic polarization téchpiques
' ‘hgss been described in section 5.3. In sgction 6.4.1 results of these
measurements on polished Ni speciméns are presented and compared with
similar measurements by other workers on polished N%. The qualitative
features of the botentia1-current density méasﬁrements are also dfscussed.
In section 6.4.2 results are given for Ni covered with a layer of
evaporated Pd and finally in 6.4.3 results are given for the jon beam

mixed Ni/Pd alloys.

; ed
6.4.17 Current-Potential Measurements on Polished Ni

Fig. 6.62 shows typical pldfs of electrode potential, E,(vo]ts)ﬁ
versus Tog-current density, i (mA cm'z) for polished Ni specimens. The,
electrode potentials reported in the figure were measured vs a Dynamic
Hydrogen Electrode (DHE) as describeq in section 5.2, and the potential

of this reference electrode is also indicated in the figure (£ The

Ref)'
currents are the total cell ‘currents, ie. corrections for ohmic losses
were not made. The dots represent the results of the first polarization
sweeps (-1.3 to Q v } of the present investigation,while the upper dashed
Tine is due to measurements by Miles et al. (1976) on polished Ni in

50 w/o0 KOH at the same temperature as this investigation, 86°c. The

lower dashed curve, due to App1eby'gt al. (1978), shdﬁg-thé potential-
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current chve measured'on Ni in 34 w/o ﬁOH at 90° AppIeby s.potentials
were meagg:sg—rfzfus a reversible hydrogen eTectrode and are necessarily”
A 40'mf.1gwer than the value of the present investigation.

Figure 6.6% shows, within error (= 20 mV), that these measurements
are the same. . The curve of potential vs Tog i exhibits two types of be-
haviour: a) in the Tow current density range, the potential increases ‘
(negative]y)-iinearTy with lTog i, (b) at high current densities, the
potenfial increases markedly with increasing current density. This latter
increasé is due mostly to the increased ohmic drop in the EIectroTyte
as well as at the electrode-electrolyte interface. The result of the

‘present investigation (and Appleby's) shows that the linear dependenée of
poten%ia] on log i extends to ~ 150 mA/cmz. Mites' results which have been
corrected for ohmic losses, 'show a 1inear behaviour up to i ~ 500 mA/cm2
The Tafel slope 3n/3logi of the linear portion is ~ —140 mV/decade As"
discussed in section 4.4, by extrapolating the linear portion to the
réferenée potential (ERef)’ the exchange current density, iO’ for hydro-

* gen evolution on the electrode can be determined. Figﬁre 6.62 shows

4 2 ’

that i, for H,-evolution on smooth Ni is ~ 1x107" A/cm”.

’
e

6.4.2 Current-Potential Measurements on Ni Covered with Evaporated Pd

Figure §.63 -shows the plot of potential vs log i obtained for
Ni specimens covered with ~ 40 nm of evaporated Pd. The dots show the first
positive‘sweep (-1.3 to 0.v ) while the crosses show the negative sweep
(0 to -1.3 V). The curve shows that at low overpotentials f.ﬁv, the
increase in potential with increasing current is Targer than the 140 mv/

decade measured on polished Ni though the precise relation is not .



244

fHPIUTE JUCUUNS VUL T3A JdAR| Pd PPIRA0GRAS U] {M PIUDIADD
Spou33ala {N 3yl uo UoLIN(0Ad UBBOUPAY BY3 404 telIuUAIOdUBA)  :£9°gQ 644

/

>

.SEU\uE.V Aygsueg.  Juesun) |
000} . 00! o L ,

Ty v T T +—¥ ___:_—_- T _:._J___ T —__.___q- T —:____. T N_..

S1OA) TVIIN 310d

¥T S

_ N e e
©p et ART— e
[
— ‘) 1.
.
u«V\bEOm‘ ~ vuohn x//mff . fy —u
| | b { ~ . . w
,”/.
. ~ h/
B LA -
x* r//. | 2
x./.
— X / 1o

esedeg 3
[ ke N iy

-



I\

245

obviocus from the fiéure. For-example at.a potential of 50 mV, the res-

. pective currents are ~ 0.75 mA/cm2 on Ni/évaporatéd Pd, and O.SImA/cm2 on
'polfshed Ni. For overpotentials > .TV the behaviour of the Ni/evaporat-

ed Pd electrode is virtually identical to that of smooth Ni. The curve

-shows a Tafel s1dpe b 4 150 mV/decade in the mid-current range and

exchange current ij ~ 1.3x107% ﬁﬁ:nz; These are similar to b ~ 140 mv/

decade and 10 ~ 1.1x1078 A/cm2 measured on smooth Ni. In contrast to
smooth Ni however,;the Ni/evaporated Pd electrodes exhibit greater
hysteresis (~ 60 mV at high current densities) between the positive

and negative-going sweeps. In fact, at higper current densities, the

~ potential iﬁtreasés\more rapidly on the Ni/evaporatad Pd electrode than

on smooth Ni. For éxampTe at -0.8V, the measured current densities are
~ 750 mA/cm2 on Ni/evapofated Pd electrode, and ~ I1OUAmA/cm2 on smooth Ni.
Figure 6.64 shows the scanning electron microscope (SEH) photo-
graph of the Ni/evaporated Pd cathode following cathodic polarization.
The figure shows that in some regions of the sample_(Fig. 6.64a) the
evaporatga fiim had peeled off due to poor adhesion to. the substrate.
Figure 6.64(b)}, which is an expanded view of the region where the film
remains intact,shows the existence of holes, cracks and blistered regions.
EDAX analysis of the tﬁo regions of Fig. 6.64(b) showed-that the light
region consisted mainly of Ni. The morpholegy of this specimen probably
expiains why the observed current-potential curve of this cathode is
similar toithat of a polished Ni ca;hode: relatively poor adhes%on be-
tween the evaporated Pd film and the ﬂi substrate, or pin holes in the
ﬁd film leads to penetration of electrolyte through the film. Consequent-

iy thé electrode-electrolyte interface being studied is not simply the
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Pd fi]m/e1ectr01yte.interféce but a combination involving the film
Y“nterface and the Ni/electrolyte interface. ‘At high current densffﬁes.
gas evolution is vigorous, bﬂé some af these are trapﬁed between. the Ni’
electrode and the overlaying Pd film resulting in increased ohmic losses
‘ dﬁe to the entrapped gas at thé‘interface causing a rapidly increasing
potential with increased currents. At the intermediate current densities
'”where' gas evolution is not sb vigorous, the contribution of trapped

\ ;

gas bubbles to ohmic losses is expected to be Tess leading to a current-

_potential behaviour that is similar to that for smooth Ni.

6.4.3 Current-Potential Relation for Ion Mixed Ni/Pd Allovys

Figures 6.65-6.67 show the plot of Overpotential versus log i for

) _-!f\‘ e

ion mixed Ni/Pd a1lpy cathodes having Pd surfaé concentrations of ~ 55%,
70% and 90% Pd respectively. _The figures show several regjons:: a) at
“Tow overpotentials, the potenfials increase re]ative]} slowly, ~ 50" mv/
decade with increasing curfent, b) at larger potentials (> .1V, the
potential increases more markedly with current with a slope that depends
somewhaf on the Pd concentration, ¢} at still larger potentials, ohmic
contributions to the overpotential become large and the overpotential
increases most markedly with current. Tafel slopes were obtained by
drawing stra}ght Tines through the posttive-going sweeps. The extent of
the ~ 50 mV/decade region aTso'appears to depend on the Pd surface con-
centration; for example, the change from 50 mV/decade to a higher Tafef
slope occurs at ~ 30, 5 and 3 mA/cm2 for alloys with 55, 70 and 90% Pd
respectively. A similar change of Tafe1-s1ope, b, from b ~ 40 mV/decade
to ~ 120 mV/decade has been observed by Hoare et al. (1958) on a series

of Ni/Pd bulk alloys (0 to 100% Pd) in 2N HZSOQ. For pure Pd, a Tafel
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slope of only ~ 40 mV/decade was obtained.
| As discussed previously -in section 3.3, the performance of an
'E{eétrode as a catalyst is ofteh assessed on the basis of its exchange |
current density, 10, for the reaction, and the current thrﬁugh the ce]l
at specified constant potentials. "In Table 6.13;'the Tafel s]ope'b, |
; exchange' current density 10, and.current density % ét specified cafhode
. potentials, measured on the varicus alloy cathodes s;udfed are listed.
Data for a platinized Pt e1ectrode.isla1so included for refereﬁce'though :
the area of such an electrode is.rea11y not known. Figure 6.68 shows
a2 Tinear plot of'cathode potential versus cﬁrrent density i for smooth
Niland a Ni/Pd alloy coﬁtaining " 80 atomic % surface Pd. Table 6:13
.show§’that all the alloys studied showed improved performance over
smooth Ni with iy increasing from~ 1x10™ A/cn? for pure Ni to ~ 8x1074
A/cm2 at low overpotentials for the 90% at % Pd ajlo&. Also, the current
through the cell at specifiéﬁ'potentjais < -O.GV'is higher with a1foy
- cathodes than with smooth Ni. iFor exampie at an electrode pozentiai;of
-0.1v fhe cell current is §1most a factor of 5 higher with alloy electrodes
than with smooth Ni and at -0.2V the 55 at % alloy is ~ a factor of 8
more active than Ni. Similar improved catalytic activity of Ni/Pd bulk
alloys for H2 évo1ution has been observed by Hoare et al. (1958) and
Green et al. (1964) and the effect has been attribﬁted (Conway et al.
1957 and Hoare et al. 1958) to greater ease of hydrogen desorption from
Pd surféces, resu]ting apparentiy from the lower heatuof adsorption of
hydregen on Pd compared to Ni. The Tafel slopes of b ~ 50 mV/decade
measured on the 55 and 70 gtomic % Pd alloys at Tow overpotentials is
consistent with this view of electrochemical desorption being the rafe-.

- determining step on these alloys.
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The reTat1onsh1p between the improved act1v1ty (over smooth Ni)
of the a]]oyed cathodes and their surface Pd concentrat1on is 'not c]ear,
especially at large overpotentials (> -0. 2V) For overpotentials f -0.1v,
the current through the cell appears to increase with increasing surface.
concentration of_Pd in the alloy. For TQrger ovenpotentiaIS, the Ni-55%
Pd alloy shows the moét inproved activity over smooth Ni. For examp]e,
at -0.4V the cell current with Ni-55% Pd cathode is more than a factor
of 4 h1gher‘than for smooth NT, while the 80% Pd olloy is on]y a factor
of 2 higher than smooth Ni. Perhaps this appareht decrease of activity
for the alloys with high Pd content is fortu1tous. Visual observatzons
on these electrodes during the experiments indicate considerably more
uniform and vigorous H,-evolution than on the high NiaBloys; with the
onset of observable gas evolution occurring at 1owcn current densities
on the high Pd alloys than on the high Ni alloys. Thus at each potential
in the high overpotential region (3 -0.1V), the hydrogen coverage on the
high bd alloys is considerably norc than on the high Ni'a1loys. Such a
© high coverage may lead to a higher ohmic drop at the electrode/solution |
1ntérface. and also to a slow-discharge step and consequently to less
turrent through the cell. It is suggested that the change of Tote1
siope (from a Tafel slope b = 40 mV/decade to a higher slope) occurs at
decreasing current densities with increasing Pd surface concentration
because the rate of increase in hydrogen gas coverage on the é]]oys is
different. Increased gas evo]utton and surface coverage oppafently
occurred with increasing surface Pd concentrat1on. In the absence of
corrections for IR drops, the true-activation overpotential is not known.

It -should be pointed out here that apparent reduced electrode activity

I'd
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Iwith Pd content hés also been observéd for Ni/Pd aroys (Hoare et.a1(
1§58) at low overpotentials (near-50 mV). They found that alloy cathodes
with high Ni content $80% < Ni < 99%) have higher activity than Ni or
~alloys with nickel content betweén 30. and 80 atomic %; thi$ was attf'-
buted to preferential segregation of Pd to the alloy sur%ace. Hoare
et al. did not analyze their results for catalytic activity at 1ar§e
overpotentials but their data show that at an overpotential of ~ -0.15V,"
the activitx of the 56% Pd alloys is ﬁore than a factor of 2 larger then
that of a 75% Pd alloy, although the activities of the alloyed electrodes
are much less than that observed 6n hydrogen-charged Pd.#51ndeed for
alloys with > 25% Ni, there is a gradual increase in app;rent activity.
It is believed that these observations are also cqnsjs;eht with the ex-
planation given above. _ |

Figures 6.59 and 6.70 show, respective1;, SEM photographs, follow-
ing catﬁédic poIériiation, of the 55% and 70% Pd alloy cathodes. Figure
6.69{a ) shows a rather featureless marphology of the as-prepared sample
while 6:69(b), which shows the morphology after five days of cathédic
.polarization sweeps, also indicates a rather uniform surface fegture.
Figure 6.70(a) shows the SEM photograph spanning the region exposed (1ight)
and unexposed (dark) to the electrolyte while Fig. 6.70(b) is an e;pahded
SEM view of the region exposed to the electrolyte. The uniform features
observed on. these electrodes contrast with those observed ‘for Ni/evaporated
Pd cathodes and sﬁggest that ion mixing produges alloys with‘better film/

substrate adhesion and uniform surface features.
» . :



256

TL13% 3yl ut sfep § udGje (Y podeuada se (e co.SwN.CEoc_
21poy3ed BuLMO| (04 3pOUILd Pd %55-1N 3yl o ydeaboustw WIS :69°9 ‘fit4




. "91foa30313 Ay}
03 pasodxa uotbaa ayl 40 MaiA papuedxa (q) -uorjeziaejod
d1poyled buiMo| L0y BpoyIed Pd’ %0/-tH dy3 40 ydedboudiw Wis

RYTITRTe Y4

0079 "byy




258

6.5.4 Time-Dependence of n-log i

Time-dependence behaviour of the electrodes was also studied by
subjecfing the cathodes to several polarization sweeps. No'significant
changes were observed for electrodes subjected to 4 po1ariz§tion éweeps.
The 55% Pd dl]oy was studied over several days. Each day it was sub-
jected to four polarization sweeps,at the end of which it wés removed from
the cell and stored overnight in a pré-electro1ysed KOH so]ution: Figure
6.71 shows the current-potential curve obtained for this electrode after |
the 4th and 5th. days of polarization. After the 4th day measurements,
the electrode was left overnight in the cell and maintained at 100 mA/cmz.
The Sth day curve then represents the polarization curve obtained after

2 for ~ 12 hours.

the electrode had been in the solution at 100 -mA/cm
Up to ~ -0.1V the curves a}é v?rtua11y idehtical, and alsd similar to the
first polarization sweeb measurements (Fig. 6.65}. At more negative
potentials, the 4th day measurements remain similar fo'the first day
measurements but the 5th day results show reduced activity; {this is due,

perhaps, to electrode noisoning by electrolysis products in solution.

-
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CMAPTER 7
© CONCLUSIONS

-

In this chapter, results of the present igvestigations are summar-

ized and the conclusions drawn from them are highlighted. '

1. Ion induced mixing of Pd Markers‘in Ni, and of Ni/Pd Bilayers

The épreading of Pd markers in Ni can be adequately described by
a Gaussian distribution within a limited dose range. The increase in
the variances depends on both the jon type and irradiation temperature.

2

At high temperatures (3 473K} and high doses (2 1x1016 em © for Kr

irradiation and > 2x1016

em™2 for Ar),the profiles deviate considerably
from Gaussian distribution. The observed shiftg in the Pd beak.boéition
following ion bombardment could a11-pe accounted for by small fluctuations
in %%e analyzing'He+ Beam energy and ion sputtering of the Ni overlayer.
Thus the mefn marker peak shift predicted by Sigmund et al. (1981} was
not observed in this work. | i
1) Dose Dependence:
For both markers and bilayers, the measured mixiné parameter,
Acz, shows a linear dependence on ion dose, ¢, at all temperatures
< 573K, and for both Ar and Kr irradiation.
ii) lon-Dependence:
At 40K, thé spreading of Pd marker induced by Kr' irradiation
is v a factor of 2.2 time§*1atgar thaq that due to Ar -irradiation

in qualitative agreement with the ratio of the damage energies,

FD(Kr)/FD(Ar)), deposited at the marker position.

a 260
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vi)

vii)
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A co11ision eascade mixing model which takes into account the
cumulat1ve effect of ion bombardment and the deposited energy
dens1ty, e within the cascade generated by each ion was pro-
posed to_expla1n the ion~-induced broadening of the interface
between two Tayers. The mixing parameter Ac® estimated from
this model (v~ 100 hmz) compares well with the measured values

16 2

(v . 35 nm® after a dose of 1x10 at 298K).

The mixing results, Acz values, measured on bilayers correlated
well with the marker spreading resuits. 4t temperatures where
| ;22

the two types of measurements overlap, t values are identical.

For samples annsaled without irradiition, no measurable spreading
of the Pd marker, or broadening of the bilayer interface, was
observed fdr anneaTing temperatures < 400K. Abave ~ 400K,

thermaJTy induced m1x1ng shows Arrhenius- -type behav1our with an

\“ -

activation ¢ energy of ~ 1.120.07 eV.

Between 40 and ~ 400K for the marker spreading experiments and

between 298 and ~ 400K for the bilayers, ion induced mixing (as?)
shows a weak dependence on temperature with actiVation energy

~ 0.1 eV,

Abovd ~ 473K, the mixing in bilayérs is characterized by an
initial rapid grain boundary diffusion of both :Ni and Pd with
high initial mixing effieiency (atoms/ion) that depends on tem-

perature (v 6 atoms/ion at 573K and ~ 35 atoms/ion at 673K).
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viii) 'Defect-enhanEed lattice diffusion coefficients D (Ni). were

ix)

x)

xi)

xii)

xiii)

xiv)

For irradiated thin film bilayer specimens, grain boundary

eva]uated under thenna] annealing. condit1ons for Ni dfffus-

1ng in Pd The va1ues range from ~ 0.22x10° -16 emP-sec”! at

523K to 52x107) 2-sec at 673K. The corresponding values
for Pd diffusion in N, D (Pd) range from v 0.33 to 56.6x10" 16

cmz-sec -1 1n the same temperature range.

* The grain boundary diffusion coeff1c1ent, Dé, for Pd diffusing

in Ni grain boundaries was evaluated. The DB values range

from ~ '5.4x107* ené-sec™! at 523K to 4 3x107"" en 2 secT it

623K, with an apparent activation energy EB " 1.38 e¥ and a

pre-exponential Dg N 0.75 cm 2 sec”).

diffusion to deeper depths (> 100 nm) was apparently suppressed.
The d1ffus1on coefficient values undeghlzzed1at1on, D.aq> range

fgém N4 to 70x10° 16 2-sec -1 at 523K and 673K respectively

.w;ih an apparent activation energy ~ 0.57 eV.

Near ~ 673K, mixing resuitjng from thermal interdiffusion over-
whe]ﬁ? the irradiation induced effects.

The present investigations Suggest that ion. beam mfxing of

evaporated metal films at elevated temperatures is greatly in-

fluenced by grain boundary. diffusion effects.

L

‘The dose rate dependence of mixing observed in the presant iﬁ-

vestigation was inconclusive vis-a-vis the dose rate dependence

predicted by the RED meodel. - .
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o .
© 2. Mixing of‘:;zzg-erain Ni_and Evaporated Pd Layers

i)

i1)

ii1)

iv)

For annea]ed,specimené,‘lattice diffusion coefficients -(for

Pd diffusing-in Ni) are some Mctor of 80 to 100 less compabed'

‘to values determined for the evaporated Ni/Pd films.

Grain boundary diffusion of Ni. through the evaporated Pd film
oécunmﬁ, but not of Pd into Ni. ‘

Under irradiation conditions, diffusion of Pd fnto Ni was

enhanced by more than an order of magnitude but the values are
still less than in the small-grain case. * h
A deep penetrating tail of Pd distribution extending approximate-
1y to the ion range, was observed for tﬁe irradiated specimens

but not for annealed unirradia;ed specimens. It is believed

that this rapid diffusion patﬁ results from dié]ocatioqs-generatgd
by collision cascades. The coefficient of diffusion along these

paths was determined to be ~ 1.3x10"'% emP-sec™! at 673K,

3. Irradiation Induced Grain Growth

119)

TEM observations reveal irradiation induced recrystallization

and grain growth of films evaporated on NaCl. substrates.

- / . . . . e
/ii) \Ihe average grain size increased from ~ 10 nm to ~ 50 nm after a

16 2

dose of n 2x10 ArT em™ for specimens irradiated at 298K. )

Ar irradiation at 573K led to a more uniform grain structure
with average diameter ~ 60 nm after a dose of 1x10'° cmhz. The

film also exhibits texture.
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iv}- Kr irradiation results in a greater grain growth rate with
average grain diaﬁeter ~ 80 nm for speciﬁeqs irradiated at
573K to a dose of le015 cm'z. The larger grain size and the
Tow Kr dose needed to achieve it is believed to be due to the

larger energy density deposited by Kr'_ions vis-a-vis Ar' ions.

Electrocatalysis of the HZ-Evoluéion Reaction

i) Smooth Ni specimens gave results that are in excellent agreement
with those reported in the literature under similar experimental
conditions.

i1) Ni cathodes with evaporated Pd give results that are virtually
identical to smooth Ni. SEM observations of the e]eétrode sur-
face show that this is due to spalling of the film resulting
from poor adhesion between the film and Ni substrate.

iii) A1l the ion-mixed cathodes show superior performance {based on
ceil current at specified potentials) over smooth Ni for over-
patentials > -0.4V. At low overpotentials (3 -0.1V), a Tafel

--slope b ~ 50 mV/decade typical of pure Pd was observed on the

allovs.

iv) The 55% Pd cathode shows the best performance over Ni. It is
suggested that the apparent decrease of ac;ivity with increasing
Pd content is due to increased gas coverage and therefore increased
ohmic-loss contribution to the potential.

v]) In the important region of potential technological application
{400-1000 mA/cmz), no improved performance was observed 2s the
potential becomes dominated by IR losses due t0 gas bubble

formation.
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