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lon-beam irradiation of Cu and a Cu-Ni alloy single-crystal specimens:
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Rutherford backscattering and channeling measurements have been applied to study deep radiation damage
and depth profile of implanted Au atoms in pure Cu and Cu-1 at. % Ni alloy single-crystal specimens, which
were irradiated off axis at room temperature by 300 keV' Aans to a dose of & 10'%ions/cnf. The damage
range and depth range of the implanted Au atoms in the specimens of pure Cu were strikingly deeper than
those in the specimens of Cu-1 at. % Ni alloys, respectively. An atom movement mechanism in solids under
ion beam irradiation is proposed as the origin of the observed result.
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Interaction of energetic ion beams with solids and mateper, Au* ions with 300 keV were implanted into the speci-
rials property change induced under ion-beam irradiatiormens to a dose of :210'®ions/cnt at a dose rate of about
have long been attracting attention from both points of view] x 10*?ions.cm™2-s7* at room temperature. The implanta-

of its basic understanding and application. In order to undertion was made at an angle of 8° from the surface normal to
stand the phenomena, a large number of wohese already  minimize ion channeling.
been performed both theoretically and experimentally. How- Rutherford backscattering and channeling measurements
ever, the process of the interaction and the material propertyere made with a well collimated 2.5 MeV Hdon beam
change induced under ion-beam irradiation has not yet beeghtained from Tandetron accelerator at the Institute for Ma-
fully understood and still remains as a field of fundamentakerials Research, Tohoku University. The yields of back-
scientific prObIemS, although material modification by ion-scattered Hé ions were measured using silicon surface-
beam irradiation has widely been applied in various engiharrier detector mounted at an angle of 170° to the incident
neering fields. beam direction. The energy resolution of the detection sys-
Because the interaction process occurs in a very shogem was about 18 keMfull width at half maximum
time in order of pico secondsit can not be followed with (FWHM).
present experimental techniques. Thus, computer simulation Typical Rutherford backscattering energy spectra corre-
has been rather extensively applied as a superior way aft@ponding to aligned and random incidences from both unim-
the pioneering investigation by Gibson and coworkefs.  planted and implanted pure Cu and Cu-1 at.% Ni alloy
order to gain the detailed |ﬂS|ght into the irradiation inducedspecimens are shown in F|gs 1 and 2, respective|y_ In these
phenomena, it has become especially important to obtaifigyres, spectra corresponding to random incidence from
findings experimentally and compare them with results obhoth pure Cu and Cu-1 at. % Ni alloy specimens unimplanted
tained by computer simulation. are not shown, because they are the same as the correspond-

In this article, the authors report the results of an experi-ing spectra from pure Cu and Cu-1 at. % Ni a||0y Specimens
mental study of both damage range and depth profile of Au

atoms implanted in single crystal specimens of pure Cu and ..,
Cu-1 at. % Ni alloys.

2-mm thick slices were cut from 2-cm diameter single-
crystal pure Cu and Cu-1 at. % Ni alloy rods with surfaces 3g00 |
parallel to (110 plane. The slices were mechanically pol-
ished and then electro-polished in a solution of
H3PO,(40%), CHOH(40%), and HO(20%) for about 60
min at 3-V, 300 mA. Then, in order to eliminate the lattice
defects, the slices were annealed in vacuum with a Zr platele
in a sealed quartz tube at 600 °C for 48 h, which were fol- 1000
lowed by slow cooling to room temperature at a rate of about
1°C per min. The Zr platelet was used for the purpose to
reduce the oxidation of the surfaces of the slices during an- 0
nealing in the sealed quartz tube. The specimens forian 0
implantation were finally prepared by being electro-polished
again in the above-mentioned solution for the purpose of FIG. 1. Rutherford backscattering energy spectra corresponding
eliminating the probable surface oxide films. After theseto an aligned and random incidence from unimplanted and Au-
specimens were transferred into an ion implantation chamimplanted pure Cu specimens.
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FIG. 2. Rutherford backscattering energy spectra corresponding FIG. 3. Depth profiles simulated of implanted Au atoms and of
to aligned and random incidence from unimplanted and Au- L

implanted Cu-1 at. % Ni alloy specimens.

implanted except the small peaks from implanted Au atom&l@maged region in the pure Cu specimen observed by chan-
on the higher energy side of the high-energy edge of the cpeling experiment extends up to about 10 times deeper than
spectra. that expected from the simulation. In Fig. 3, a depth profile
It can be seen that the aligned spectra from both pure c&imulated of implanted Au atoms in Cu is also shown.
and Cu-1 at. % Ni alloy specimens unimplanted are essen- Enlarged Rutherford backscattering spectra from impurity
tially the same and the normalized minimum yields of AU atoms corresponding to aligned and random |nC|den_ce
aligned spectra of back-scattered Hions at the surfaces Tom Au-implanted pure Cu and Cu-1 at. % Ni alloy speci-
were less than 0.04, which indicates a high perfection of thén€ns are shown in Figs. 4 and 5, respectively. Comparing
specimen crystaf® As far as the profiles of these aligned the Figs. 4 and 5, it can be seen that the depth profiles of Au
spectra are concerned, no indications of lattice disorder oRtoms in the pure Cu specimen in Fig. 4 are markedly
imperfections in the crystals are observed in both pure ciproader than those in the specimens of Cu-1 at. % Ni alloys
and Cu-1 at. % Ni alloy specimens unimplanted. in Fig. 5, the proflle_:s o_f which are also broader than that of
As is seen in Figs. 1 and 2, backscattering energy spectti€ Simulated one in Fig. 3. o _
corresponding to aligned incidence from both pure Cu and Comparing the random spectra in Figs. 4 and 5, it can be
Cu-1 at. % Ni alloy specimens show damaged profiles aftep€€n that the peak concentration of Au atoms in the Cu-1
implantation of A ions. In Figs. 1 and 2, the depths of the at- % Ni alloy specimen is about two times higher than that
damaged regions are indicated. In order to characterize tH8 the pure Cu specimen. It should be noted that the vertical
damaged regions, damage depth is defined as the distance $fl€s are different between the figures. Comparing the peak
horizontal axis between the position of the half height of theN€ight of the random and aligned spectra in each of the Figs.

random edge and the point of inflexion on the aligned spectr4 @1d 5, it can roughly be estimated that about one half of the
from implanted specimerfs® It should be noted that the implanted Au atoms occupy substitutional sites in the pure

damage depth in the pure Cu specimen is significantly deeper

than that in the Cu-1 at. % Ni alloy specimen. In Figs. 1 and Depth (nm)

2, the depth scales are obtained using the tabulated values « 250 200 150 100 50 ©
the stopping power fofHe in different elements by Zieglér. ' ' '

Applying the linear approximation to the random fraction '6° [ Implanted Au
of the analyzing bearfi,° the areas of the yields between the 140 | Pure Cu Random
lines labeledr and the profiles of backscattered energy spec- 146 |
tra in Figs. 1 and 2 are due to the scattering of channelec,
ions from scattering centers caused by damage and are takeg
as proportional to the total concentration of the scattering® 8° [ Aligned
centers™™® Thus, the larger area of the yield in pure Cu o |
specimen than that in Cu-1 at. % Ni alloy specimen indicates 4 |
the larger defect concentration in the pure Cu specimen thal
that in the Cu-1 at. % Ni alloy specimen.

In Fig. 3, a depth profile of vacancy concentration ob- 0 ' :
tained by the simulation using the Monte Carlo particle 460 480 500 520 540 560
transport code TRIM8%Ref. 8 is shown as a measure of Channel Number
theoretically expected damage profile. In the simulation, 25 FIG. 4. Enlarged Rutherford backscattering energy spectra cor-
eV was assumed as the displacement erférgpd the num-  responding to aligned and random incidence from implanted Au
ber of Au" ions assumed was 100 000. It can be seen that thatoms in pure Cu specimen.

vacancies produced per incident Aion.
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Depth(nm) ergy for interstitials should be insignificant between the
450 2?0 2?0 ‘?0 “?0 5.0 ? specimens. In this connection, it should be noted that the
self-interstitial migration energy of Cu is 0.117 €Refs. 17
300 | Implanted Au and 18 and the dissociation energy of self-interstitial Cu
Ou-tath Ni atoms trapped by substitutional Ni solute atoms is smaller
250 v Random than 0.15 e\t
200 L 53 nm (FWHM) The fact that the damage depth of crystalline materials

subjected to ion beam irradiation sometimes exceeds the ion
projected range by more than an order of magnitude seems to
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100 L Aligned be firstly mentioned by Linkeet al?® Similar results for
copper were firstly obtained by Sood and Dearndieynd
50 later by other workeré??3by whom the phenomena had also
0 ) been experimentally studied for various specimens. As the
460 480 500 590 540 560 origin of the deep radiation damage, dislocation movement
Channel Number was proposed by Friedland and Alberts=ormation of dis-

FIG. 5. Enlarged Rutherford backscattering enerav spectra CorIoca’[ion structure in the near-surface region far exceeding the
o g u scattering gy sp jon projected range was as actual fact observed by several
responding to aligned and random incidence from implanted Au

atoms in Cu-1 at. % Ni alloy specimen. workers by applymg transmission electron_m|crosc613§?.
The above-mentioned result of the differences of the

depth profiles of damages between pure Cu and Cu-1 at. %
)f\li alloy specimens supports the dislocation movement
In metals and alloys, thermally activated diffusion of at- M&chanism as an origin of the deep radiation damage. The
oms may be generally negligible at room temperatfieis reasons are as foIIovx_/s. Molecular dynamlc simulation pre-
well known, on the other hand, that migration of impurities dicted that local rr'leltl'ng occurs and persists for several ps
can be enhanced by many orders of magnitude during iofRef. 2 in energetic displacement cascades. The occurrence
implantationt! The phenomena are usually called irradiation©f local melting is not surprising, because energy densities in
enhanced diffusion and have been explained as a result of t@scades are typically of the order of 1-10 eV/atom for ul-
generation and the migration of excess vacancies and intefrashort time interval$<0.1 p39 between collision$® Some
stitial atoms caused by the collision cascades created by thexperimental results also indicated that during ion irradiation
implanted ions? In case of crystalline materials, in addition local melting actually occurs in energetic displacement
to the above-mentioned generation and migration mechazascade$’ Therefore, it is feasible to expect strong time-
nism, there are two well-known atom movement mecha-dependent stress field gradient near the cascades. In this
nisms during irradiation, namely, channeling and “dynamicfield, dislocations may be created and propagated into the
crowdion” or replacement collision sequence, both of whichpulk resulting in deep radiation damage. Dislocation loops
were originally proposed by Starfkand Seegel} respec- could act as sources for dislocation multiplicatfénThe
tively, and predicted later in computer simulaticré. elastic limit of homogeneous copper alloy containing 1 at. %
It is difficult, however, to understand the observed differ- Njj is about seven times higher than that of pure®®Then

ences of the depth profiles of damage and implanted Au ate generation and the propagation of dislocations are made
oms between pure Cu and Cu-1 at. % Ni alloy specimens agyore difficult in Cu-1 at. % Ni alloy than in pure Cu. This
the result of the differences of the generation of eXCess Ve, ot therefore, can cause the differences of depth and defect

cancies and |nterst|_t|al atoms and/or as th? r esult of the d'féoncentration of the damaged regions between the two types
ferences of properties of replacement collision sequence g f the specimens

channeling, because the specimens of pure Cu and Cu- . .
at. % Ni alloys are to be essentially the same collisionally, On the other hand, in 1952’. Buffington anq Co??ene
orted the phenomenon of strain-enhanced diffusion in met-

since Cu and Ni atoms have almost equal mass and the in'?I Si then there had b ber of . tal and
purity concentration of Ni is relatively low, though it has ais. since then there had been a number of experimental an

been revealed that the presence of the solute atoms sonmfbeoretical papers devoted to the strain-enhanced diffusion.
times plays significant roles on phases of cascad&ased on the comprehensive and detailed studies, the origin
development®1® Thus, the differences of the depth profiles of the strain-enhanced diffusion was accounted for by Cohen
of damage and those of implanted Au atoms between purgt al’* by the presence of moving dislocations which pro-
Cu and Cu-1 at. % Ni alloy specimens are forced to be asvide high-diffusivity path for tracer atoms.

cribed to differences in noncollisional transport properties of ~ Taking into account the above-mentioned two phenomena
atoms between the specimens. It is, however, also difficult tdn different fields, namely, the deep radiation damage and the
explain these differences by the differences of migrationstrain-enhanced diffusion, the authors propose the presence
properties of simple point defects of interstitials and/or va-of an atom movemer(tiffusion) mechanism in solids under
cancies, because, as approved usually, at room temperatuien-beam irradiation due to the high-diffusivity path pro-
vacancies are not mobile in both the specimens and, thoughided by moving dislocations. In this context, the difference
interstitials are mobile, the difference of the migration en-of depth profiles of Au atoms implanted between the pure Cu

Cu specimen, while about three fourths of Au atoms occup
substitutional sites in the Cu-1 at. % Ni alloy specirffeh’
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and the Cu-1 at. % Ni alloy specimens is explained by theof testing the proposed mechanism, computer simulation
difference of the forces resisting dislocation motion betweerwould be of eminent importance.
the two types of the specimens.

The detailed mechanism of the atom moveméiffu- The authors are indebted to Professor S. Yamaguchi for
sion) related to moving dislocations under ion-beam irradia-valuable discussions. We are also grateful to Y. Tsuchiya for
tion, however, requires further investigation. For the purposeassistance in carrying out the experiments.
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