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Abstract. . 

Nine different atonic species, from K to Yb, were implanted into gold 

at energies ranging from 20 to 150 keV. The nature and depth-distribution of 

the resultant .defect clusters were studied by transmission electron micros

copy techniques as well as a modification of the"2 1/2-D" stereo technique 

developped by Mitchell and Bell. The effects of implanted ion dose and sample 

purity were determined. The cluster depth distributions are in overall agree

ment with the damage distributions deduced from the energy deposition calcula

tions of Winterbon, Sigmund, and Sanders* The nature of the defect clusters 

is found to-depend on the mass and energy of the incoming ion, in agreement 

with our previously reported work. These results are suggested to provide evi

dence for the decisive, influence of the'-deposited energy density on the nature 

of visible damage. We conclude that it it> possible to distinguish between 

cascade and "spike" effects, the latter setting in when the average energy 

per atom in the cascade is approximately 2 eV/atom. All results known to us 

(obtained -at low doses on pure samples- for a variety of ion species in Au,Al, 

Cu t V, Ko and Hi) may be related to each other in this way. 

1• Introduction 

The effects of heavy ion stopping in matter have been studied from 

two complementary viewpoints. The slowing-down of the incoming ion itself 

-via electronic and/or nuclear stopping- has been investigated through ion 

range distribution measurements, and is well-described by the theory of 

Lindhard, Scharff and Schi^tt (1963). Comparison of theoretical and experi

mental results is straightforward here, in the sense that the ion distribu-
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tîon measurement only involves a direct determination of the stopped ions' 
positions. The evolution of the energy transferred from the incoming ion to the 
stopping medium is far more difficult to study. If only nuclear stopping is 
involved, the energy transfer to the medium involves a complex sequence of 
primary and secondary recoils vhicb displace • large number of atoms within a 
volume vhoss dimensions are of the order of the ion range. Lindhard's theory 
and its extension by Winterbon, Sigmtmd and Sanders (1970, hereafter denoted 
WSS), have established the relation between the primary particle energy loss 
and the energy deposited in the lattice, i.e., the concentration of lattice 
displacements. But t.n„ "displacement cascade" (Brinkman 1954) is usually 
sufficiently dense to induce drastic local changes in the lattice structure. 
In metals, field-ion microscopy experiments (reviewed by Seidman 1973) have 
confirmed Seeger's suggestion (1958) that a vacancy-rich zone is formed in the 
cascade core. Such zones may collapse into dislocation loops ; these and other 
defect types may -if large enough- be observed in transmission electron micros
copy (TEH) experiments as reviewed; for example by Milkens (1974,1975) and 
Merkle (1976). The difficulty stems from the fact that the relation between 
the displacement concentration and the resultant defect structure is unknown, 
so that considerable* caution is required in comparing experimental defect 
distributions to the calculations of WSS. 

In specific cases, it appears that.this difficulty may be alleviated. 
Some damage distribution measurements via the lattice-location technique in 
semiconductors (e.g., Feldman and Rodger» 1970 ; Bogh, Hegild and Stensgaard 
1971) show rather good agreement with energy deposition distributions predic
ted by WSS, but exactly how these experiments are sensitive to the displaced 
atom distribution is still unclear. Recently, Jenkins, Katerbau and Vilkens 
(1976) performed a very interesting TEM study of the "disordered zones" pro-
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duccd in ordered CuJVu by energetic Cu-induccd displacement cascades. Based 

on previous work of Seller, Milkens and Katerbau (1974), they showed that 

the contrasts observed in .'their experiments were dominated by the structure 

factor of disorder resulting from displacements (and replacements), rather 

than by strain contrasts due to dislocation loops ; hence the disordered zones 

observed in these experiments are quite closely related to the "true" distri

bution of displaced atoms as calculated by WSS. 

In spite of its relevance this experiment on an ordered system cannot 

be generalised, and information is required on pure metals for which only the 

strain contrast due to dislocation loops is observed. Damage depth distribution 

Measurements using the stereomicroscopy technique have been carried out by a 

number of'authors (Thomas, Schober and Balluffi 1969 ; Norris 1969 ; Ruault 1970 

and 1972 ; Haûssermann<1972 ; Johnson and Ytterhus 1973 ; Ruaùlt, Jouffrey, 

Chauoont and Bernas 1974 ; Ruault 1975). In such experiments, the damage range 

is defined as the depth corresponding to the highest density of observed 

damage (whatever the damage structure). Since the latter must be due to the 

highest concentration of displaced atoms, the damage range may be compared 

directly to the .first-order moment of the deposited energy distribution deri

ved by WSS. Predicted damage distributions are far more difficult to verify 

in stereo TEH experiments,mainly because the cluster size is comparable to the. 

damage range for keV ions.Westmoreland and Sigmund (1970) have derived an approxi

mate relation between the deposited energy distribution width of WSS and 

the expected width of the damage cluster distributions. This has improved 

the comparison of theoretical and experimental distributions (see for exam

ple f 3.3 of the present paper), although several important problems -such 

as the influence of host purity or secondary ion channeling- remain largely 

unsolved. 
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At this point, it seens worthwhile to reverse the question raised 

previously by TEH experiments, and to investigate whether it is possible to 

deter nine the influence of the deposited energy concentration as deduced by 

WSS on the evolution of the damaged lattice, viz., on the nature of stable 

damage formation. Considerable work has been devoted to approaching the ef

fect of the displacement cascade on the creation of visible damage from an

other angle. Such parsueters as defect visibility thresholds and productions 

yields have been studied, as well as subcascade effects ; investigations 

(Herkle 1976) usually attempt to relate the kinematics of energy transfer by 

the incoming ion to the appearance or to the size of the observable defect 

cluster* This approach is complementary to the one reported here. 

There now seems to be a rather general consensus on the fact that 

vacancy-type clusters are mssoci&ted with the-collapse of damage cascades 

due to energy deposition (Wilkens 1975)* In several instances -particularly 

in early work (e.g., Bburret and Dautreppe 1968)- interstitial-type clusters 

were found, but more recent studies suggested that they were due to sample 

impurities or to high-dose effects. On the other hand, in previous work 

(Ruault, Jouffrey, Chaumont and Bernas 1974 ; RuauIt 1975) hereafter referred 

to as I, ve found that at implantation energies of 50-150 keV, the nature of 

observed defect clusters depended on the mass of the implanted ion : light 

ion (below A^ 85) irradiations created interstitial loops, while heavier 

ion irradiation created vacancy loops (the defect production yield was 

practically unity in all cases). Our result was qualitatively related to a 

competition between energy deposition effects and defect mobility. It did 

not receive much attention -in spite of clear confirmation by molecular-ion 

irradiations (Ruault, Chaumont, Bernas and Sigmund 1976)- perhaps because 

insufficient information-was provided on the influence of irradiation para-
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«eters and host purity. The latter have new been studied in some detail, 
confirming our previous results. We show that from tlie nature of observed 
defect clusters, and taking into account the effect of lattice defect mobi
lity at the irradiation temperature, it is possible to distinguish the pre
sence ôf a displacement "cascade" as observed in the experiments of Jenkins 
et al.(1976) from that of a displacement "spike" involving lattice collapse 
at the vacancy-rich core* A general criterion is obtained experimentally for 
tbe existence of a "spike", in terms of the deposited energy density concept 
as introduced by WSS and developped by Siground (1974)< It accounts for prac
tically all known experimental results in various hosts, and it does not de
pend on the defect cluster production yield. 

2* Experimental 

2.], Sample preparation 

Three batches of polycrystalline fifty micron-thick Au foils were 
used in these experiments. Their impurity contents, as determined by chemical 
analysis, were respectively l, 10 and 100 ppm. All foils were annealed at 
I030"C for one hour in a clean (turbomolecular pump) vacuum of less than 
10 torr, and TEH samples were obtained by electrolytical thinning at 60*C. 
Typical aicrocrystal sizes in tbe samples were about 50 microns. Due to foil 
rolling -and probably also to preferential polishing- a majority of grains 
in the observable area (thinner than about 150 nm) vere oriented near to [100] 
and 1110J. The orientation of the grains relative to the incoming ion beam 
vas 'carefully determined, in order to evaluate channeling effects. Finally, 
for those samples to which the stereoscopic technique was applied, gold was 
evaporated on the surface facing the incoming ion beam. The evaporation was 
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carried out before the ion implantation* in a vacuum (5 10 torr) furnace : 

typical deposited gold atom cluster size* were about 1~2 nm> 

All our ions implantations were carried out with the Orsay CSNSH 

ion-imp Ian tor (Chaumont, Bernas, Salome, Lalu and Thome 1974) : beam homoge

neity during implantations is typically 22 ; ion doses are measured to within 

ÏÛZ (neutral ions are eliminated) ; beam purity in all our experiments was 

higher than 99Z* Using the system's postaccelerating lens, the energy of 

singly charged ions could reach 140 keV; doubly- or triply-charged ions 

were accelerated in a number of cases, in order to obtain higher-energy 

beams and/or avoid beam contamination. Irradiation dose-rates varied from 

8 —2 —1 10 —2 *"1 

10 ions.cm *B to 3.10 ions»cm .s and implanted doses ranged from 

5*10 ions.cm to 5*10 ions.cm . The target-chamber vacuum (obtained via 

a turbooolecular pump) was better than 10 torr. Higher-than-r00m temperature 

implantations were performed with the sample mounted on a heater inside the 

target chamber, as described previously by Chaumont and coworkers. For the 

annealing studies described in S3.4, the samples were annealed in an ion-pump 

vacuum (ca.I0*~ torr) at temperatures up to 200*C 

The ions implanted into Au were Ar, K, Fe, As, Kr, Rb, Ho, Xe and 

the molecular ions As,» AsCl 'and FeCl. In all cases, the impurity concentra

tion increase due to the implanted dose was lower than 5 ppm in the implan

ted layer. Implanted samples were kept in liquid nitrogen during the time 

interval between implantation and the TEH observations, in order to avoid any 

long-term'evolution* 

2-2. Cluster density and size measurements 

Host of these studies were carried out on implanted samples without 

prior gold evaporation. Pictures were taken in bright field, two- (or more-) 



beam kinematical conditions. Under these condition», the size of defect 

cluster images is considered (e.g., Milkens 1974) to be closest to the true 

dimensions of the clusters. Since this point is not entirely established 

(the- images ro*y be significantly larger than.the clusters), some coraplemen-
t 

tary studies vere performed on pictures taken under weak-beam conditions 

(Cockayne, Ray and Whelan 1969, Cockayne 1972). The latter may allow intrin

sically higher resolution, but they arebeset by large uncertainties due to 

the strong depth-dependence of the contrast (ITauBsermann,Katerbau,Ruhie and Wilkens 

1972). The nain advantage of the weak-beam technique is claimed to lie in the 

possibility of separating close-lying clusters (and possible sub-clusters, 

see S3.2) : this is especially important in density measurements on high-dose 

samples, but was not of special interest in our measurements. 

Figure 1 presents a comparison of' the three standard methods as 

applied in our experiments s the same field is imaged under bright-field 

kinematical, dark-field dynamical and veak-beam conditions* The resolution 

of the bright-field kinenatical technique is clearly better than that of the 

dark-field dynamical conditions ; the weak-beam method is not significantly 

«ore effective. 

2.3* Sature and depth-dependence of point defect clusters 

In our previous work (Ruault, Jouffrey, Joyes 1972, Ruault, Jouffrey, 

Chaumont, Bernas 1973, Ruault, Chaumont, Bernas, Si ground 1976) the standard 

stereomicroscopy method (Ruble and Wilkens 1967) was used. In the dynamical 

dark-field two-beam mode,the direction of the black-white contrast depends 

on the diffraction vector ; it also depends on the depth and nature of the 

defect cluster, so that both of these parameters are simultaneously deter

mined from the same pair of stercomicrographs. This technique avoids errors 
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due to difficulties in identifying the same defect cluster in different 

«aerographs* However, dynamical dark-field conditions may lead to ill-defined 

defect contours (the image diameter may depend on the tilt of a defect loop 

with respect to the incident electron beam), causing errors in cluster depth 

measurements and, hence, in defect nature identification. In the present ex

periments, depth measurements were performed in the kinematical bright field 

node and contrasts were determined under stereo dynamical dark-field conditions 

in order to combine the advantages of both techniques* 

The observed damage vas entirely composed of small vacancy or inters

titial loops* The nature (perfect or imperfect) of such loops can be obtained 

from a detailed study of their contrast under different diffraction vectors 

(e.g.,Ruh'le 1974)* A study of this kind was reported by Schind 1er 

(1978), and was not undertaken here. 

When profile measurements were unnecessary, a modified version of 

the so-called "2 1/2 D" stereo method (Mitchell and Bell 1976) was used in 

order: to determine the nature of the defect clusters.. This technique is 

based on the parallax difference between vacancy-type and interstitial-type 

clusters in pairs of high-resolution images obtained by the out-of-focus 

method. When defects do not induce large lattice strain, and when their sizes 

vary little, the parallax difference is rather small and defect nature iden

tification is difficult. As a result, Mitchell and Bell (1976) could only 

identify the nature of about one-fifth of all observed defects. We have im

proved on«this in the following way. There is no parallax difference for 

"objects" which do not produce lattice strain. By evaporating gold on the 

sample surface, as in the standard stereo method, a depth reference is ob

tained and it is quite easy to discriminate between clusters which appear to 
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be above or below the sample surface. Thus, defect identification is relati

vely easy even for weak parallax differences* In order to image the reference 

Au deposit, a rather stringent upper limit must be set on the defocussing 

(typically 0 4 tun at a magnificationx50.000). This boundary condition re

duces the defect image parallax difference, a disadvantage chat is largely 

circumvented by imaging at smaller magnification and then enlarging the 

micrographs* Results from this technique were checked several times against 

those obtained from the usual dynamical dark field stereo method : both 

methods gave identical^proportions of vacancy -or interstitial- type defects. 

The nature of defect clusters was determined in many cases quite easily with 

this modified "2 I/2D" technique, which is beset by fewer errors than-the 

standard stereo technique. 

3. Results and discussion 

3.1. Cluster size and density 

Several size distributions are presented in Figs.2-4. The estimated 

errors in these measurements (indicated by the width of the vertical bars in 

the histograms) are«essentially due to the uncertainty in the damage cluster 

"diameter". The damaged zone .contour is often rather ill-defined at these 

implantation energies even when imaging under multiple-beam kinematical con

ditions (defect loop images tend to be distorted along one direction). More

over, in view of the uncertain relation between the true cluster diameter 

and the image diameter (see $2.2), errors can probably reach 502 in unfavou

rable cases. In Table 1, we have listed the average cluster size measured in 

our experiments, as well as the mean (rms) width of the size distributions. 

From the Figures and the Table, it is seen that the cluster size distribution 

is unaffected by the impurity content of the target foil, nor by the implanted 
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dose or dose-rate. According to WSS and Westmoreland and Sigmund (1970), it 

should depend on the nature and energy of the implanted ion- Although a weak 

energy-dependence is indicated for Kr-irradiatcd Au, this effect is not con

firmed in other cases (e.g. compare 50-keV Mo and 150-keV Xe) ; also, our dis

tributions are similar to those obtained for 200-L.eV Au in Au (Merkle 1974). 

Since the observed variations are within the expected errors, we suggest that 

they provide a measure of the uncertaint-.* on the average cluster size value 

(t*50&)t rather than an indication on the cascade v'.dth. Except in cases 

where subcascade formation is a relatively frequent event (see below), den

sity measurements are simply performed by counting defect clusters in the 

electron micrographs. Results from the present and previous (Ruault 1975) 

work are .summarized in Table 1. For implantations performed at energies above 

SO keV, approximately one cluster image is found per incoming ion as long as 
10 • 2 doses (d) are below 5-10 ions/cm ; above, the measured density dose-depen-

1/2 dence is definitely weaker (yd ) , probably due to the interaction of 

defects produced in separate displacement cascades. Less than one cluster 

per ion is also found at implantation energies below 20 keV, as also obser

ved by Merkle, Singer and tfrobel (1970). All these results are in agreement 

with previous observations (Thomas, Schober, Balluffi 1969, Merkle 1966) and 

have been recently confirmed by a sequence of in situ observations at increas

ing doses on the same irradiated area (Figure 5) using the newly-developed 

on-line facility at Toulouse (Lerme and Ruault 1978 ; Ruault, Jouffrey, Chau-

mont 1978). 

3*2. Subcascade formation 

Visible clusters only form if the local defect density in a cascade is 

high enough. For vacancies this generally occurs only once in a single cas

cade, when the density of deposited energy is sufficiently large to produce 
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a "depleted zone" (i.e., when the elastic collision cross-sections arc high

est). However the particle slowing-down process is basically statistical, 

and the possibility exists that a single particle nay deposit sufficient 

energy in two (or norc) small volumes at some distance from each other : this 

event leads to the formation of «ore than one visible defect per incoming 

ion. As suggested in $3.4,it is conceivable that -inview of their room-temperature 

mobility- interstitials projected out of the subcascade core may also cluster. Al

though the existence of subclusters has been evidenced for some time (see Herkle 

1976) .their nature is still unknown. Typical examples found in the present work are 

shown in Figure 6. In this case (150keVXr and Xe ions) , the measured cluster density 

vas about twice as high « the implanted iondose (i.e. .an average of two subclusters 

are produced by each incoming ion) .The spatial correlation of two subcascades 
9 2 is very clearly resolved only at quite low ion doses (ca. 5*10 ions/cm in 

our case), but it is still observable at higher doses even for low implan

tation energies (Figure 7) ; although no detailed study was attempted, we 

have some tentative evidence that the probability of stable subcascade for

mation is reduced at higher doses, likely due to recombination effects be

tween subcascades and existing clusters. 

Although the average distance between observed subclusters was con

sistent with the energy-deposition profile widths deduced from WSS and 

Westmoreland and Sigmund (1970)! our results provide less information on the 

latter than the work of Jenkins, Katerbau and Wilkens (1976) on ordered 

alloys. Our hope of gaining more detailed insight into the relation between 

energy deposition and cascade structure in this way was forgone when attempts 

to resolve the nature of subclusters via sterecnicroscopy were unsuccessful. 

3.3*'Defect cluster depth distributions 

Such distributions were obtained from stereofluoroscopy measurements 

in Al, Ni, Au t Ho and V by several authors, as mentioned in SI* Extending the 
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vork presented in I, new measurements were performed for 9 different atomic 

species implanted in gold at energies ranging from 20 to 150 keV. Several 

representative results are shown in Figures 8-11, and Table 2 provides an 

overall summary. Ve find that residual host impurities -which are presumably 

randomly dispersed in the sample- have no significant effect on the cluster 
9 

depth distribution. Nor does the implanted dose (which was varied from 5*10 
11 —2 to 2.10 at.cm for the 150 keV-Kr implantation) or dose-rate (which was 

B 9 —2 —1 

varied from 10 to 5*10 at.cm .s )• In most cases, damage ranges as deter

mined from the center-of-gravity of the defect cluster distribution were in 

very good agreement with the projected damage range calculated from WSS, as 

predicted by Westmoreland and Si ground (1970). Table 2 also compares the 

width of the experimental cluster distributions with the values calculated 

from WSS and corrected for ion-damage correlations. Considering the approxi

mations made in the latter calculation, overall agreement may be considered 

satisfactory (uncorrected WSS values are typically 502 larger than those 

listed in Table 2). Defect pumping by the sample surface (Thomas, Schober 

and Balluffi 1969) may distort cluster distributions at the lower implanta

tion energies, thus affecting both the range and -to alarger extent- the 

width of the experimental distributions. This is true particularly for ran-

ges <50 A. As discussed in the. next section, defect mobility may also be 

important when the deposited energy density is low (i.e., in the absence of 

spike effects)*. For room-temperature implantations, this concerns intersti

tiels since vacancies are not mobile ; hence the interstitial cluster distri

butions should be more distorted than the vacancy cluster distributions by 

this effect. The discrepancy between experimental and calculated values of h 

and Ah in Table 2 does seem to be larger for the lighter-ion implantations, 

which produce interstitial clusters (§3.4). 
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Defect cluster distribution Measurencnts on samples annealed after 

roost-temperature implantation or implanted at high temperatures confirm this 

view* Results on Xr-inplanted Au are presented in Figure 12. After annealing 

at 370 K (above the vacancy mobility threshold), the cluster distribution is 

broadened and shifted away from the sample surface : it does not change visi

bly between 370 K and 470 K. An increase in the implantation temperature 

above the vacancy mobility threshold also produces significant changes in 

the cluster distribution, and these changes are related to a change in the 

nature of observed defects (see §3.4). Clearly, vacancy mobility has a strong 

effect on the measured distributions. In the specific case of Kr in Au, ve 

suggest that figure 12b provides tentative evidence for defect clustering 

at the rare gases impurity after annealing : the interstitial cluster dis

tribution is definitely shifted away from the surface, and its maximum is 

close to the Kr ion range. 

More generally, it is important to assess the possibility of an 

interaction between the implanted atom and its own damage cascade after room-

temperature implantation. This interaction would presumably lead to nuclea-

tion of defect clusters on the implanted impurity itself, so that the clus

ter distribution would overlap the ion distribution completely (in contrast 

to tbe differences expected from HSS). At keV implantation energies, even 

rather light ions only lead to small differences between the calculated WSS 

damage density -and ion- distributions. For the high-energy, lighter-ion 

implantations our results are indicative of a difference between the two dis

tributions (Table 2 and Figure lie) except for the rare gases. However, the 

experimental resolution and the surface effects mentioned previously do not 

allow unequivocal statements. 
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The effect of channeling on the depth distribution of defect clus
ters vas apparent for 50 keV Kr-irradiated Au foils mounted with their <IOO>-
and <H0>-axes close to the incoming ion beam axis. The resulting distributions 
are shown in Figure 13. As expected, channeling clearly increases the range of 
the damage distribution, whose tail also extends somewhat further inside the 
target. Similar effects were observed by Norris (1969) and Thomas, Schober and 
Balluffi (1969). The effect is weaker in our experiments,possibly because of the 
surfaceAu evaporation and some sample misalignment. 

3.4. Nature of defect clusters 

It is' now often recognized that (due to the collision-induced sepa
ration of interstitiels and vacancies leading to the formation of a "depleted 
zone") vacancy clusters should be produced as a rule in heavy-ion irradiation 
of metals. A large body of experimental data-including I and most of the 
other stereomicroscopy experiments referred to in the preceding section as 
veil as in Milkens' and Herkle's reviews- favours this conclusion. It has 
been suggested that exceptions to this rule (i.e., cases where interstitial 
clusters vere observed) vere due to cascade overlap effects, since they vere 
found in several instances (e.g. Hertel and Diehl 1976) after irradiations 
to doses vhere the defect dose-dependence becomes non-linear. The results 
presented in this section validate the "depleted zone" picture, and provide 
a more detailed view of the lattice collapse mechanism ; we also suggest an 
explanation for the appearance of interstitial clusters. 

Considerable work has been performed on defect nature determination 
in ion-irradiated gold, in the temperature range around and above room tem
perature. The existence of vacancy cluster formation after heavy ion irradia
tion at keV energies was first established by Jouffrcy (1964), and then confirmed by 
Merkle(l966),Thomas,Schober and Balluffi (1969) and by Norris (1969). In I, vc 
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demonstrated that room-temperature irradiation of gold at energies between 

50- and 3S0 keV produced visible vacancy clusters when heavy projectiles 

(A>90) were used. For lighter ions in the sane energy range, interstitial 

clusters were found. Neither the chemical nature of the projectile nor its . 

size had any visible effect. However, most of these irradiations were 

carried out in the non-linear range of the dose-dependence (doses were up 
11 2 to S. 10 ions/ca ) , and were thus subject to the criticism mentioned above. 

The present experiments were all carried out in the linear region 

of tbe dose-dependence curve (Figure S), as shown in Table I. Typical results 

are shown in Figures 11-13. The existence of a majority of visible intersti

tial clusters is clearly established for Ar, K, Fe and As, as well as for Kr 

above 20 keV, even at very low doses. Thus cascade overlap is not a pre

requisite for the observation of interstitial clusters. After completion of 

this paper, ve were kindly informed by Dr K.L.Merkle of recent work (Jager 

and Herkle 1978) that definitively establishes this point. The dose-

dependence of the defect cluster nature found by Hertel and Diebl (1976) 

after 5 keV Ar-boabardaent of Cu is not observed here. This may be related 

to the fact that their experiments are carried out nearer to the visibility 

threshold (Herkle 1976). Also, although no systematic study was attempted, 

available results (Table 3) do not provide any evidence that the nature of 

the clusters might be affected by the incoming ion dose-rate. 

The possible effect of the target impurity content was investigated 

in some detail for the rather critical cases of Kr and Rb, which displayed 

the "transition" from interstitial- to vacancy-cluster behaviour. Cold foils 

from different sources, containing mostly light and transition impurities, 

were irradiated at 20, SO and ISO keV. The effect of impurities (Table 3) is 

not very clear, although in some cases it does seem to reduce the proportion 
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of vacancy clusters (Fc and Kr> 150 keV ; Rb, SO koV). Since the defect den

sity is also reduced at higher impurity contents, we surmise that impurities 

tend to reduce the nimber of visible vacancy clusters in these cases, rather 

than increase the number of visible interstitial clusters. In view of the 

rather poor statistics, definitive conclusions cannot be drawn from these 

results. Overall, however, no significant effect of she impurity content is 

found (except in the case of Au Xr discussed in $3.3, where cluster nuclea-

tion on Kr nay occur). This is in agreement with the results of English and 

coworkers (1975) on Cu-irradiated Cu, and in contrast to their results on 

b.c.c. Ho containing interstitial impurities. 

As seen from Figure 13, channeling of 50 keV Kr ions gave rise to 

a Majority of interstitial clusters, just as similar non-channeled ions* At 

our low irradiation energies, the clusters are produced by damage cascades 

resulting froa dechanneled ions whose energy distribution is very similar to 

that of unchanneled ions, so that this result is not unexpected. 

Having established that tbt interstitial -to vacancy- cluster tran

sition observed around projectile mass 35 in I is not a spurious effect due 

to uncontrolled experimental conditions, we may now discuss its origin in 

more detail. In Z, we suggested the following qualitative explanation, 

taking the high room-temperature mobility of interstitial* in gold into 

account. We assumed that all the ions studied produced sufficient separation 

of vacancies and interstitials to avoid recombinations. However, only heavy 

ions (in our energy range) deposit enough energy in the stopping volume to 

produce a "depleted zone" and hence lattice collapse into a vacancy cluster. 

When the damage density is lower (light ions), the local vacancy density is 

insufficient to produce a vacancy cluster* Thermally activated mobile inter

stitial! may, however, form interstitial clusters. 
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Thus, the observation of one or the other type of defect cluster 

depends on the competition between energy deposition density and defect nobi

lity. According to this view, thermal vacancy nobility should enhance the 

likelihood of observing vacancy clusters in.light ion-irradiated samples. 

This is indeed the case, as seen (Figure 12) for 150 keV Kr-irradiated Au : 

when the irradiation tenperature was increased (compare a, c, d) the propor

tion of observed vacancy clusters increased rather sharply. 

A similar increase was found after annealing of a roon temperaturc-

inplanted sample (Figure 12b). When thermally activated, impIantation-induced 

vacancies annihilate at interstitial clusters whose size and nunber corres

pondingly reduce ; they nay also form visible vacancy clusters. Recently, 

Schind1er (1978) has also observed this effect after annealing 30 keV Cu-

irradiated Au Mt 370 K. It has been studied in situ by Lenae and Ruault (1976). 

The crucial effect of the deposited energy density on vacancy clus

ter formation was established by irradiating Au with molecular As,*" and As-

ioas at identical energies per amu (Ruault, Chaumont, Bernas and Sigmund 

1976). In this experiment, only the deposited energy density is varied. While 

55 keV As-ion irradiation produced 90X interstitial clusters (Table 3), 110 

keV ASn-ioK irradiations produced 65Z vacancy clusters. Moreover, the vacancy-

cluster distribution was closer to the surface than the interstitial cluster 

distribution in the latter case, indicating a means of following the evolu

tion of the deposited energy concentration along the ion path. 

We have seen that the deposited energy distribution calculation 

(WSS) accounts satisfactorily for the danage range distribution. It may be 

related to the energy deposited in the particle range as proposed by Sigmund 

(1974). Introducing the Lindhard stopping cross-section and the power appro-
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ximation to the screened Coulomb potential (Lindhard, Scharff and Schistt 
1963), the projectile range It(E) nay be written 

where B is the projectile energy, N the number of atoms per unit volume and 
C^ depends on the mass and atomic number of the target and projectile, as 
veil as on the power (-!/•) of the potential* The number of atoms within 

3 the cascade volume is typically ND R , where D depends on the cascade shape 
and may be derived from the transport equations of USS. The mean energy trans
ferred to a host atom is obtained by averaging over the deposited energy pro
file. At the core of the cascade, the effective maximum deposited energy per 
atom is then (Sigmund 1974) 

6 o * C m * 2 £ l" €" " < ° 

Graphs of the parameter G B are given in Sigmund's paper for the usual m ~ y 
and ""-g potentials. In most of our experiments the latter is appropriate 
mo that 0 has a simple inverse-energy dependence. 

« 
According to the discussion above, the observation of a vacancy 

cluster testifies that sufficient energy has been deposited in the cascade 
core to induce depleted zone formation. We have plotted the proportion of 
vacancy clusters obtained for various combinations of projectile masses and 
energies in terms of the quantity 0 (Figure 14). It is clear that the pro
portion of vacancy clusters increases significantly above a threshold value 
0-V2 eV/atom. We suggest that below this value the deposited energy gives 
rise to a displacement cascade (in which a sequence of collisions sets a 
relatively small fraction of lattice atoms into motion), while above this 
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value of 6 . the damage density is so hinh that essentially all the atoms in 

the cascade are in notion: a damage gpike is produced (for a discussion of the 

spike concept, see Sigmund (1978)). 

Equation (1) is appropriate for any combination of host and projectile 

Hence, we have also plotted in Figure 14 the proportion of observed vacancy 

clusters found in experiments o.n all other projectile-host conbinations known 

to us*(except Al in Al, obtained by Ruault et al. 1972, which would lie in the 

lower left-hand corner as expected). The results for ion-irradiated Ni (Lerme 

and Xuault 1978) clearly fall into line with those obtained in Au, in spite of 
13 2 

the fact that they are obtained at high doses (y 10 at/cm ) and that the clus
ter yields are very low (MS!). All the values of a obtained for other hosts 
fall on the resulting curve. It is tempting to consider the possibility that 
the spike threshold value 6 t 2 eV/at could be rather general, and that the 
transition fro» the cascade -to the spike- regime is quite sharp. 

two experimental results definitely do not fall' onto this 

curve : they both relate to kb-implanted Au, at 150 keV and at 50 keV. As 

seen fro» Figure I Ic, there is nothing "pathological" about the defect cluster 

profile in this case. However, there does seen to be a spécifie sensitivity 

to the host impurity content (compare the very different vacancy cluster pro

portions found for the two 50 keV Rb-implanted samples). For this reason, 

only the lowest impurity-content Rb-implanted sample results are given in 

Figure U . 

Tlote that all these experiments were performed between defect annealing 
States II and III. . 
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The scatter in the val tes of o above the spike threshold may reflect 

the experimental errors (except in the case of Rb-implanted Au) ; this explana

tion cannot hold, however, for the spread in values of a when only interstitial 

clusters are produced. Both interstitial nobility and -perhaps more critically— 

the average distance between vacancies and interstitials are basic parameters 

here, and the latter is unknown. This is clearly an important direction for 

further work ; perhaps field-ion microscopy experiments are best-suited to 

study the low-8 region. It is quite remarkable that the results of Figure 14 

are independent of the number of visible clusters per incoming ion 

in spite of the fact that this yield is definitely mass- and 

energy-dependent (as shown by the results obtained in Cu by Haussenoan (1972) 

for example). It has been suggested that in the case of rare gas-implanted Ni 

considerable defect clustering could take place on the implanted atom, pre

venting cluster growth to the visibility threshold (Lerme and Ruault 1978)* 

This effect is clearly not symmetrical for vacancies and interstitials, and 

it may account at last partially for both the yield-independence and the 

scatter in values of a below the spike threshold. Substitutionally-implanted 

atoms (e-g*t care gases) are expected to trap interstitials: this tends to 

reduce the proportion of visible interstitial clusters, an effect which only 

influences the results below the spike threshold and can induce rather large 

changes in the values of a depending on the interstitial-impurity binding 

energy end configurations. Above the spike threshold, impurity-defect binding 

energies arc negligible compared to motional energies of all atoms in the 

•pike volume so that no such effect can occur. 
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4* Conclusion 

Our »ain results nay be summarized as follows. 

1. In aost of our experiments, the cluster yield (number of visible 

defect clusters created per incoming ion) is essentially unity up to inplanted 
10 2 doses <5.10 at. /cm . The only exceptions are cases (such as 150 keV Kr- and 

Xe-irradiated Au) where subcascade formation takes place. Thus, each projec

tile ion path has left a signature ; also, our results are essentially dose-

independent so that no evidence for cascade-overlap effects is found> 

2. All experimental damage ranges are in excellent agreement with 

the energy deposition range values calculated from HSS. The defect distribu

tion widths are in reasonable agreement with the expectations of Westmoreland 

and Sigmund (1970), except when the stable damage distribution is strongly 

perturbed by the sample surface. This occurs for the lowest-energy light-ion 

implantations which produce interstitial clusters. Our defect cluster distribu

tion results are complementary to those obtained by Jenkins et al. (1976) on 

displacement cascades in ordered CuJiu. 
« 

3. We have confirmed the basic result of I, i.e. : the projectile 

mass-dependence of the defect cluster nature. This result is -except in the 

single case of Rb-implanted Au, which warrants further study- independent of 

the host impurity concentration, the ion dose and dose-rate. It is accounted 

for in terms of the deposited energy density calculations of Siground (1974). 

The latter also predicted a projectile energy-dependence (Ruault et al.I976): 

it is found here for Kr-implanted Au. A plot of our results (viz., the pro

portion a of observed vacancy clusters) in terms of .the deposited energy 

density 9 Q shows that a transition occurs at 6 Q^2 eV/atom. This value is 
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suggested to be the spike threshold, above which 1-i-tice collapse leads to 

vacancy cluster formation. As in I, it is suggested that interstitial cluster 

formation below this threshold is due to interstitial nobility at room tempe

rature (where vacancies and divacancies are not mobile). Implantation at tem

peratures where vacancy mobility occurs produces an increase of a (see below). 

4« A compilation of all experiments known to us on keV-ion implanta

tion in metals suggests that the energy deposition evolution described by WSS 

aay be the basic phenomenon in defect cluster formation. The spike threshold 

value ( 0 * 2 eV/atom) is apparently the same for Au and Ni (Lerme and Ruault 

1978) ; it will be of considerable interest to check this in such cases as f-cc. 

Cu and Ag,fa.c.c. Mo ~.nd W,'and h.c.p. Co. This could possibly provide information on 

the role and size of replacement collision sequences. 

5* In the present study of ion-implanted Au samples, the defect 

cluster yield was unity after accounting for subcascades. But the results of 

Figure 14 are apparently yield-independent.Lerme and Ruault (1978) studied the 

annealing behaviour of rare gas-implanted Ni, and calculated defect evolution using 

standard diffusion equations .Their results suggest the impor tance of defect clus

tering on implanted atoms, an effect that may reduce the yield of observable clus

ters. If this is confirmed by experiments involving projectiles (such as 

metallic ions) which can avoid such clustering, conclusion 4 will certainly 

be reinforced. 
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C. High temperature implanta', ion results show how defect mobility 

competes with the energy deposition characteristics in affecting the nature . 

of observed damage. The results suggest that implantation at temperatures be

low the interstitial mobility threshold should have no effect-on spike forma

tion (hence on vacancy cluster formation), but should >;educe the probability 

of-interstitial cluster formation to essentially zero. Thus the shape of 

Figure 14, and the position of the spike threshold, should not be modified by 

a lowering of the implantation temperature. Annealing studies on such low-* 

temperature implanted samples would clearly be of interest to obtain informa

tion on the dynamics of interstitial cluster formation and -hence- on the ave

rage distance of interstitials to the cascade core. 
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Table captions 

Size distribution (aean size and full width at half maxinua) And 
density of damage clusters produced in ion-irradiated gold. 

I 

Range and width of daaage cluster depth distributions produced in 
ion-irradiated told. The experimental range (h ) and PWHM (4h _ ) 
are compared to the values calculated froa USS.corrected for corre
lation effects (see text). 

Mature of daaage clusters produced in gold irradiated by various 
âons under different conditions. Expérimental results are frost 
Ruault,1975, and the present work. The deposited energy density va
lues are calculated froa Sigaund, 1974 (see r.ext). 
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Figure captions 

Figure I : The saae area of a SO keV Mo-irradiated Au sample imaged in (a) 

bright-field kinematical conditipns, (b) dark-field dynamical 

conditions and (c) weak-beam conditions, lap looted dose: 2.5x10 

2 9 2 

ions/cm . Dose-rate : 7.10 ions/cai .s. Room-temperature irradia

tions-

Figure 2 : Size distribution of defect clusters produced by 150 keV Fa ions 

in Ail samples containing (a) 1 ppm, (b) 10 ppn and (c) 100 ppm 

10 2 9 
- impurities. Implanted dose : 5.10 ions/cm . Dose-rate: 5.10 

2 
- ions/cm -s. Room-temperature irradiation. 

Figure 3 : Size distribution of defect clusters produced by 150 KeV Kr ions 

in Au samples containing (a) 1 ppm, (b) 10 ppm and (c) 100 ppm 

10 2 9 
impurities. Implanted dose : 5.10 ions/cm . Dose-rate : 5.10 

2 
ions/cm •*. Boom-temperature irradiation. 

Figure 4 : Size distribution of "defect clusters produced by 150 keV Xe-

irradiated An samples containing (a) 1 ppm, (t) 10 ppm, <c) 100 

10 2 
ppm impurities. Implanted dose: 5.10 ions/cm . Dose-rate : 

9 2 
5.10 ions/cm .s. Room-tecpïrature irradiation. 

Figure 5 : Defect cluster density dose-dependence for 50 keV Ar-irradiated 

An. This curve vtw obtained on the sane field using the in situ 

irradiation facility at the Laboratoire d'Optique Electronique, 

Toulouse. Courtesy of H.Lcrmc. (Estimated errors are *<<30Z). 
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Figure 6 : Subcascade* in gold, (a) 150 kcV Kr ion*. Staple iapurity content 
9 2 8 2 

I ppsi. laplantcd dos* : 5.10 ions/ca . Dose-race : 10 ions/cn . s. 
(b) 150 keV Xe ion*. Staple iapu-

10 2 rity content 10 ppau Iaplanted do*e : 5.10 ion*/ca . Dote-rate : 
9 2 5.10 ions/ca .s. Note difference in (cale between the two picture*. 

Figure 7 s Subcascade* produced in gold by low-energy ion*. Dose : 5.10 
2 0 2 

ions/ca . Dose-rate: 5.10 ions/ca .s. (a) 20 keV Rb ion*. Iapu
rity content 1 ppa. (b) 50 keV Rb ion*. Iapurity content 1 ppa. 
(e) 50 keV Kb ion*. Iapurity content 10 ppa. (d) 20 keV Kr ion*. 
Iapurity content 1 ppa. 

Figure 8 : Experiaental depth distribution of obierved defect clusters pro
duced by 50 keV Xe ion* in gold (iapurity content 100 ppa). Dose : 
2.10"ion*/ca2. Dose-rate: 2.1010ions/ca2.s. 

Figure 9 : Experiaental depth distribution of observed defect cluster* pro
duced by 50 keV Rb ion* in gold. Iapurity content : (a) 1 ppa,. 
(b) 10 ppa. Dose : 5.10 ions/cai . Dose-rate : 5.10 ions/ca .*. 

Figure 10 : Experiaental depth distribution of observed defect clusters pro
duced by 150 keT Kr ions in gold. Iapurity content : (a) 10 ppa. 
Identical results were obtained with a I ppa iapurity content 
saaple ; (b) 100 ppa. In the latter case, the experiaental résulta 
are coapared with the ion -and energy deposition- distributions 
calculated froa WSS using the (a- 1/3) potential. laplanted dose : 
5.10,0io«s/ea2. Dose-rate: 108ion*/ca2.«. 
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Figure 11 : Depth distribution of defect cluster* produced by various ions in 

Au. Upper part : total distribution. Lower part : vacancy (upper 

histogram) -and interstitial (lower histogram)- cluster distri

butions. 
1 1 2 9 - 7 

(a) 50 fc«V Fe ions Dose : 2.10 ions/cm . Dose rate: 6.10 ions/cm .s. 
(b) 80 fceV K ions Dose : 2.5x10 ions/en .Dose rate : 2.10 ions/cm .s. 

1 1 2 9 2 
(c) 150 keV Kb ions Dose: 2.10 ions/car. Dose rate : 2.10 ions/car.s. 

Figure 12 : Defect cluster distribution for 150 keV Kr-implanted Au. (a) after 

room-temperature implantation ; (b) annealed at 370K ; (c) implan

ted at 370K ; (d) implanted at 470 K. The lower part of each 

* figure displays the distribution of interstitial (upper histogram) 

- -and vacancy (lower histogram)-clusters. 

Figure 13 : Effect of channeling on the nature and depth distribution of defect 

clusters produced by room temperature-implantation of 50 keV Kr 

ions in Au. Implantation in (a) random direction ; (b) along the 

. <l00>-axis ; (c) along the < 110>-axis. Interstitial (lower his-

togram) -and vacancy (upper histogram)- cluster distributions are 

presented in the lower part of each figure. 
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Figure 14 : Proportion o of observed vacancy clusters in terns of the deposited 

energy density 6 Q (as defined in text). Symbols refer to implanted 

' projectile. Implantation energies varied from 10 to 150 keV. 

Au host : O from I and the present work ; A from Morris (1969) ; 

O from Schindler (1978). 

Cu host : Q from Ha'ùssermann et al. (1973) and Wilson (1971). 

Ni host : D Lerma (1978), terme and Kuault (1978) ; V «orris 

(1969) ; < 0 Schindler et al.(1976). 

Results for-values of 0 o above 5 eV/atom (i.e., for low implanta

tion energies) were obtained in a number of experiments (e.g., 

for kr-implanted Au by Jouffrey, 1964 and for Au-implanted Au by 

- Thomas, Scbober and Balluffi, 1969 ; for Ag-implanted Ag by 

Kcrkle, 1976 ; for Au-implanted Çu by Baûssermann, 1972 ; and 

for Au-implanted Co by Foil and Wilkens (1976). They all show 

o'vlOOZ. 

As discussed in the text, two results on 150 keV and 50 keV lb-

implanted Au containing 100 ppm impurities are not shown in this 

figure : in this case, a was tSOZ for both B o-0.8 and S 0-2.5. 
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