Journal of POLISH CIMAC

Faculty of Ocean Engineering & Ship Technology
GDANSK UNIVERSITY OF TECHNOLOGY

TEM INVESTIGATIONS OF DAMAGE STRUCTURE OF PURE GOLD
AFTER NITROGEN PLASMA IMMERSION ION IMPLANTATION  (PlHlI)
USING RF DISCHARGES

Zdzistaw Ltawrynowicz

University of Technology and Life Sciences,
ul. S. Kaliskiego 7, 85-796 Bydgoszcz, Poland
Department of Materials Science and Engineering
Mechanical Engineering Faculty
e-mail: lawry@utp.edu.pl

Abstract

The paper presents experimental results concermiitgostructural changes caused by PlIl. Thus, treennaim
of these experiments was to make preliminary imgasdns of structural damage introduced b¥y Rill into gold in
such circumstances where precipitation processes reot available and structural damage only existéfter
electropolishing Au foils with a [100] preferrediemtation were PIll implanted to a total dose of1®% N
ions/cni. Gold was used in the present study for three aessfirst, the noble character of gold will miniei
contamination problems, second, thus far thererarelefinite evidence about gold nitride formatiore® when the
dose was as high as 2xFN/cn?, and third, theoretical calculations give for tiistal the highest interstitial and
substitutional solubility. It has been observedtthare gold after nitrogen PIlIl contains a greatadlef small gas
bubbles. These bubbles can grow as a result of th&ration, consequent collision and coalesceritenay be
assumed that bubble creation, migration, coaleseearod growth can best be reduced by the introdnatiostable
precipitates into the metal.
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1. Physical aspects of ion - surface interaction

An ion of energy greater than a few keV strikingaid surface at normal incidence has a
probability approaching unity, of entering thatface.

On its way to its final resting place however, theoming particle will lose typically 70% of
its energy in a series of collisions with lattideras. If such atoms receive energy greater than a
threshold displacement energy & order 20-50 eV they will be recoiled from thaormal lattice
site to leave a vacancy at their original positma form an interstitial elsewhere.

When the energy transfer is large, these displatechs can cause further displacements to
form a cascade of recoils. The cascade mechanipends mainly on the nature of the metal, the
bombarding particle and the energy, but is relétivigsensitive to other factors if the temperature
is below that at which clusters are stable [5,25].

The situation is far removed from that found in d@itions of thermal equilibrium. Since the
incorporation of a foreign species into a soliddayimplantation is not constrained by equilibrium



considerations, non-conventional near-surface slt@n be formed [22,23].

Seeger first reviewed the nature of a displacenvastade (DC) in irradiated crystalline
materials and the concepts of displacement spikgsacement collision sequences (RCS),
"diluted” or depleted zones, and thermal spikextviare all individual aspects of a DC [18].

The ideas embodied in Fig. 1 are still qualitatvebrrect, and they have allowed researches to
understand many of the effects of DC on properties.
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Fig. 1. Schematic two-dimensional representatiothefdepleted zone and its environment in a faoé-ee cubic
crystal. A primary knock-on impinges from the &ftl comes to rest on the site P [18]

The core of a DC is void-like in nature, and thessmg atoms (self-interstitial atoms (SIA))
reside on the periphery of the DC. This was suggbfiy the results of Calder et al [4] who
observed that loops in gold were only formed in ¢bee of cascades in the thermal spike phase
(10™- 10*2 s) of cascade evolution. Since in cascades whictotlapse, most vacancies retained
in the resulting loops, thereby suggesting thaerstitials were effectively separated from
vacancies in the collision phase of cascade foonalt was found that collapse occurs even at
4.2K and must therefore take place in the thermi&lesphase. To the same conclusion came Jager
et al [2,11] who found that vacancy clusters indgolrmed as the dominant cluster type as a result
of vacancy rearrangements in depleted zones, botimdividual cascades and after cascade
overlap at higher doses.

Displacement spike is a very large numbers of atdisislaced in a small volume of material.
There is possible to focus energy along close-ghckgstallographic directions in a crystalline
material, this phenomenon is called a focuson. féhasons along the [110] directions in a f.c.c.
lattice could lead to the production of what Seetggmed, "dynamic crowdions”. When a
"dynamic crowdion” rins out of energy an SIA is dsjed at the end of the track, thus creating a
Frenkel pair with a large separation between tleanway and the SIA. It is now common to call a
"dynamic crowdion”, a replacement collision sequeiRCS) [19]. The region denoted as the
“diluted zone” is now called a DC.

This vacancy rich core in the ion track may subsetly collapse to form a vacancy
dislocation loop. Experiments have shown that, anyncases, the vacancy rich regions collapse
within the cooling phase of the cascade to formawmag dislocations loops [4,19]. They are
usually Frank loops on (111) habit planes, withalf3-(111) [11,19].

The mechanisms which lead to recovery by collapse reot yet understood, but their
importance is undoubted because they provide a snbgnwhich the vacancy component of
implantation damage is retained within the micnosture [4]. Likewise the interstitials can
migrate to form interstitials loops [5]. Under sucbnditions, conventional metallurgical phase
relations can be violated as shown by Marwick ¢13)].

All these processes occur within about"1010*? s from the impact of the ion. There is thus a



short lived hot spike of material which can prometecalled radiation induced segregation as
seen by Marwick et al above [15], or, can encourdiffesion to form equilibrium phases, the
process being referred to as radiation enhancéasaifi within the volume of the DC [19].

However, only heavy ions deposit enough energyhi@ $topping volume to produce a
"depleted zone" and hence lattice collapse intae@ancy cluster. When the damage density is
lower (light ions), the local vacancy density isufficient to produce a vacancy cluster [17].
Thermally activated mobile interstitials may, howgvform interstitial clusters. Thus, the nature
of the defect clusters depends on the mass and)ewérthe incoming ion [17]. Generally at
implantation energies of 50-150 keV, the natureliderved defect clusters depends on the mass
of the implanted ion: light ion (atomic number Ald@& 85) irradiations crested interstitial loops,
while heavier ion implantation created vacancy oY].

Transmission electron microscopy (TEM) may be usedcessfully to characterize stable
defect-cluster configurations resulting from endéigdisplacement cascade damage in metals and
to determination of the phase composition afterimplantation. The objective of such studies is,
besides fundamental aspects, an understandingfedtdeoduction during neutron irradiation in
reactor materials and of modifications in structtaed composition of materials by ion
implantation.

2. Structural changes and depth profile of implanted &yer

lon implantation possesses several distinct adgastaver other techniques for the surface
treatment of materials. These are:

1. The ability to introduce any ion into the sudapegion of any substrate without the

constrains of thermodynamic phase equilibrium. Tpimum effects were obtained by

nitrogen implantation with energies of 40-80 ke\t aptimum ion dose was found at 4-8 x

10" ions/cnd.

Lower doses produce no visible effect and highesedasometimes result in a change of the
initial state for the worse. The implanted layefyoreaches a thickness of about 100-200 nm
but the effect often considerably exceeds this@ang

The thickness of a developed dislocation strucitutde near-surface layer exceeds the ion
range by several orders of magnitude. The thickioégbe layer with developed dislocation
structure was found greater than 100.

2. The ability to perform the implantation at a lpvocess temperature. But it is ineffective for

all applications involving high process temperasufghis is because of the instability at higher

temperatures of the nitrogen induced defects aedptates formed in the surface layer during
implantation which are thought to be responsibtetie beneficial influence.

3. The ability to perform the treatment withoutther need of annealing or refinishing.

4. The absence of coating adhesion problems.

The implantation depth decreases with increasingnass and increasing the energy results in
an increase of the penetration depth.

It is known that particle implantation causes daenag crystals which appears on the
transmission micrographs in general as "black dot$black spots” with diameters<d100A, i.e.
small compared with the extinction lengtyof the operating diffraction vector

The sputtering factors for Cu, Ag and Au are higl the saturation values remain low, which,
in turn, means that no blister formation can od&.25]. However, if higher bombarding energies
were used, the blister formation could also ocouCu, Ag, Au elements [13], and the number of
blisters was evidently proportional to the rangehaf implanted ions. Accordingly, if no nitrogen
migration occurs during treatment, with its relativlaw solubility, the nitrogen dose should be
selected precisely to avoid blister formation [12B3.



3. Precipitation processes in implanted materials

lon implantation is a non equilibrium process. Ehé& possible to implant materials with
impurities to concentration levels which far excéleel solid solubility. The return of the system to
thermodynamic equilibrium is often accomplisheddogcipitation of the implanted species or a
compound involving atoms of both the host and thplanted species. This process may involve
very long time scales when taking place at roompenature or it may take place dynamically
during the implantation.

Precipitates which are formed during implantati@pehd on the alloying elements. The kind
of nitride produced depends of course on the dfferaffinities of the alloying elements for
nitrogen.

lon implantation with interstitial species, such ragogen, can have a major influence on
surface related mechanical properties in a widgeani ferrous alloys. The formation of numerous
small sized precipitates, high densities of disiors and martensitic transformation are supposed
to be favorable factors for hardening the outerntasdr.

Many metal nitrides, such as TiN, ZrN etc., belémghe category of easily produced nitrides
[12,20]. However, noble metal nitrides are difficub form or even not obtainable under
implantation conditions. In recent years, Aghhd CuN phases were observed by TEM pattern
after implantation to a dose 2 x"f0Ncm? [17]. Yet, for nitrogen implantation into Au filmso
definite evidence was obtained about gold nitricienfation even when the dose was high as 2 x
10'® N cm? [38]. Kelly [12,20] suggested, that failing to epp of gold nitride could be
explained by N loss at the surface.

Anttila [1,24] attributed the failure of the fornna of noble metal nitride to the high sputtering
yield of nitrogen ion-noble metal partners, whiotvpnted the average nitrogen concentration in
the implanted layer from reaching the requireccBiometry. Surface recession due to sputtering
seems to be played important role on nitride foiondtut it needs further study.

Yet, the precipitated phases can have an effecthenactual shape of the implantation
profiles. It was found that second phase precipitahowever does not affect the total retained
dose of the implanted species very much since ringigitated region is away from the surface
and the loss due to sputtering is not modified. Hfiects become more significant if the
implanted species are highly mobile during the amialtion process.

4. Plasma immersion ion implantation (PIII)

Conventional ion implantation is a line-of-sighbpess in which ions are extracted from an ion
source, accelerated as a directed beam to higlgyeaed then raster scanned across the target. If
the target is nonplanar, target manipulation isumegl to implant all sides of the target. The
necessary target manipulation adds complexity @ddaes the size of the target which can be
implanted.

Thus, the main disadvantages are the relativelly pigcess costs and the restriction to visible
areas because it is a line-of-sight process. Ti@slgdes ion implantation treatment of parts with
obscured or re-entrant features.

These all disadvantages are overcomed in a newitpehfor the ion implantation of materials
which has been reported by Conrad et al. [2,3,B,Téhdys et al. [14,21], and Hossary et al. [9].
This technique has been named plasma immersioimiplantation (Pl or P, or plasma source
ion implantation (PSII). PIII is a non-line-of-sigtechnique [6,10]. In PIIl, the target is placed
directly in plasma source and pulsed to high nggagibtential relative to the chamber walls. lons
are accelerated normal to the target surface, atihesplasma sheath, thus eliminating not only the
line-of-sight problems of conventional ion implamnda but also the retained dose problem. The
pulse amplitude, width and spacing are indepengemttl continuously variable. The temperature



of the sample can be controlled by using a pulsschdrge which can be varied in both frequency
and amplitude [9]. All advantages of PIIl over centional ion implantation have been discussed
widely by Conrad et al. [6,10].

Up to now any experimental results have not beeblighed concerning microstructural
changes caused by PIIl. Thus, the main aim of treg®riments was to make preliminary
investigations of structural damage introduced BYPNI into gold in situation where precipitation
processes are not available and structural damagexists.

5. Experimental procedures

Air-cleaved NaCl (100) surfaces were used as safiestr heated at 4%D on Mo resistively
heated strip. NaCl was cleaved immediately befoaglihg into the vacuum system. The substrate
temperature was measured by 0.2 mm wire chrometeallthermocouple touched to the Mo strip.
A spiral-type W wire source was used to evaporatd.grhe thickness of the films (60, 85, 100
and 125 nm) and the evaporation rate were condkoll@e single crystal Au films were floated
from the NaCl crystal in distilled water and sugdpdron a copper microgrids.

Specimens of polycrystalline gold foil, 0.065 mnickhwere annealed in vacuum at 88Cfor
four hours and furnace cooled, prior to electraggohig to produce foils with large electron
transparent regions. The foils after this treatniet a [100] preferred orientation. The specimens
were thinned in a bath of 200 ml water, 14g potasscyanide, 6g potassium ferrocyanide, 69
potassium sodium tartrate (solution A), and 0.8amimonia, 4 ml phosphoric acid, and 20 m1
H20 (solution B). The solutions A and B were mixeunediately before use. The samples were
also electropolishing in 1 mol-LiCl-methanol at 24%l =0.25A, V=9.5V) but the foils had
strongly ununiform final thickness. The specimereemvashed in water and methanol after
electropolishing.

After electropolishing Au foils were PIlIl implanteda total dose of 2x1ON* ions/cnf.
Gold samples were examined in a JEOL 2000FX migpesat an accelerating voltage of 200
kV.

Gold was used in the present study for three readaost, the noble character of gold will
minimize contamination problems, second, thus liaret are no definite evidence about gold
nitride formation even when the dose was as high2xB3® N*/cn?, and third, theoretical
calculations give for this metal the highest initgats and substitutional solubility. In the cask o
low solubility, for instance of helium solubility hickel the helium tends to precipitate, forming
blisters on the surface or gas filled bubbles m blnlk which preferentially nucleate at
inhomogeneities like grain boundaries, dislocatimnprecipitates and cause a significant loss of
ductility.

Despite the laboratory experiments of ion implanmatsing RF [9,14,21] or microwave
discharges, little is known of the microstructuedfects of these processes. Thus choice of
optimum parameters for ion implantation has alrabgays been made by trial and error.

The present work is an attempt to improve the witdading of the basic processes of
structural damage in f.c.c. substance (gold) takiage during PIII.

6. Results

Figures 2 and 3 are micrographs of typical areathe single crystal and in the polycrystal foil
unimplanted gold specimens. Unfortunately, the stgle crystals were damaged during
implantation and for further investigations onlg tholycrystal specimens could be used.

Fig. 3b shows area of a specimen after nitrogerantation with lots of white circles. There is
the possibility that these effects were caused ygtallographic etching or by surface craters
produced during implantation [1,24].



Fig. 2. Micrograph of the single gold crystal. D#€tion pattern with zone axis [100] is inserted
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Fig. 3. a) Typical microstructure of polycrystaklirunimplanted gold foil, b) micrograph of the imputied
polycrystalline gold foil

In this case the contrast of the brighter circlesuMd in general be light, relative to the
background and fringes parallel to the edges obther crater would be expected. However, the
experimental observations show that the contraatways bright relative to the background and
there are no fringes. Furthermore no trace of tlesses has been observed in unimplanted
specimens (Fig. 2 and 3a). As the bright circlesfaund in specimens of gold only if they have
been implanted, it is thought that they raisedrdpmplantation.

Figure 4 shows the electron micrograph of the @lpstructure formed by nitrogen ion
implantation in a near perforation region of gotll.f The left part of the micrograph, which
corresponds to the near-perforation area (the désinregion of the foil) is without bright circles |
the middle part could be noted increasing amounsméll circles. The right part (the thicker
region) contains lots of big circles. In other wettle bigger the foil thickness the greater bubbles
of course to some extent. The bright circles hawbtpined a certain limit size stop its growth
regardless to the thickness of the foil (Fig. 3t dh



Fig. 4. Micrograph of the structure in a near padton region of gold foil (perforation is noted ,R) bubbles
and dislocation loops in implanted gold foil, latescence of the bubbles

In addition to bright circles there are also obsdna background of damage consisting of
numerous black dots roughlny in diameter and bigger dislocation loops 20/40n diameter
(Fig. 4b).

Probable when implanted nitrogen bas exceed tbkib#ity limit in gold begins to precipitate
into tiny gas bubbles which coarsen on heating femature of foils was 246 during
implantation). This coarsened upon heating and bimybles appeared inside the grains and upon
the grain boundaries and dislocation lines (Fig.aBd 4). These latter bubbles grew larger but
became fewer in number upon further heating. Theblas in the dislocation lines tend to be
larger than those in the neighboring area. It camabsumed that the nitrogen might however
diffuse along dislocation "pipes", and that thiplans the growth of bubbles which have been
shown to lie on dislocation lines in Fig. 4b.

Quite frequently bubbles disappeared because thee ¢nto contact and coalesced to form a
larger bubble; e.g. bubbles in Fig. 4b.

If there would be strain field around the bubbléasitinsufficient to produce a diffraction
contrast effect. It is thought, however, that sastrain field does exist, because on several
occasions small bubbles have been seen closelgiagbwith larger bubbles; e.g. Fig. 4, where
they remained apparently touching without coalesaaoring heating. Such observation suggest
that a short-range repulsion does exist betweesethebbles.

Conclusions

It has been observed that pure gold after nitrog#h contains a great deal of small gas
bubbles. These bubbles can grow as a result of thejration, consequent collision and
coalescence.

It may be assumed that bubble creation, migratioalescence and growth can best be reduced
by the introduction of stable precipitates into thetal.
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