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A STUDY OF SHAL LOW AND DEEP DAMAGE IN Cu AFTER I M P L A N T A T I O N  
OF 100 keV Cu AND Ag IONS 

R.J.Th. L I N D G R E E N ,  D.O. BOERMA 
Physical Laborato O' and Materials Science Centre, University Groningen, Westersingel 34, 9718 CM Groningen, The Netherlands 

J.Th.M. DE HOSSON 
Department of Applied Physics and Materials Science Centre, University Groningen, 9747 AG Groningen, The Netherlands 

In a recent study [1] we deduced the damage profiles in Cu and AI crystals due to self implantation from the measured 
dechanneling cross section. On the basis of this work a model for the observed shallow and deep damage was proposed. 

In the present work this model is tested by comparing the damage in Cu crystals due to 100 keV self implantation at RT and due 
to 100 keV implantation with Ag ions at RT. In both cases regions of shallow and deep damage were found. The range of the shallow 
damage coincides approximately with the projected range of the implanted particles. The deep damage was found to extent to 
approximately 6 x this depth after Cu implantation and to approximately 5 × this depth after Ag implantation. After annealing the 
range of the deep damage was found to shrink. All these observations are in accordance with the proposed model. 

1. Introduction 

From earlier experiments [1] it was deduced 
that the damage formed by self implantation in 
copper and aluminium consists of two regions: a 
surface region coinciding with the expected depth 
distribution of the implanted ions and a deep 
region extending up to 10 times beyond this re- 
gion. These experiments were performed using the 
channeling technique. With this technique the RBS 
yield X in a plane or string normalized with the 
random yield is determined in implanted (Xa) and 
unimplanted (virgin) spotS(Xv). The values of Xa 
and X v can be determined as a function of the 
depth in the crystal. Using the formula 

I(z): -ln{ 1-Xd(z) } 
1 X ~ z )  (1) 

a measure I ( z )  for the damage integrated from the 
surface to a depth z can be derived. The approxi- 
mations used in the derivation of this formula are 
described elsewhere [1,2]. It has been shown [31 
that this measure shows a linear dependence on 
~'EI/Z I in case the damage is formed by disloca- 

tion lines, and no energy dependence if the damage 
consists of point defects, voids, clusters, bubbles 
or stacking faults. E~ and Z~ are the energy and 
atomic number of the analyzing particles. 

In ref. 1 a microscopic model for the formation 
of shallow and deep damage is proposed, which is 
summarized in section 2. 

In the present experiment we compare the re- 
sults of channeling studies on damage by implan- 
tation of Ag and Cu ions in Cu with the proposed 
model. 

2. Model 

In ref. 1 a microscopic model has been pro- 
posed based on channeling work and other studies 
of damage by self implantation using transmission 
electron microscopy and field ion microscopy 
techniques and also simulation studies. 

In this model the shallow damage is formed by 
depleted zones containing small vacancy clusters 
and (di)vacancies. This network of vacancy type of 
damage may collapse partly to form vacancy clus- 
ters or dislocation loops. The interstitial atoms are 
formed for the most part  in a region separated by 
some nm from the depleted zone. The interstitials 
are highly mobile and diffuse to the surface and 
the depleted zone. It has been estimated that about 
10% will escape from immediate recombination 
with vacancies. Using the modified Kinchin and 
Pease model [4] the number of created Frenkel 
pairs is about 200 per incident ion for implanta- 
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tion with 100 keV ions. With an implantation dose 
of 2 × 102o i o n s / m  2 the number  of "free" intersti- 
rials is of the order of 4 × 102z per m 2. Part of 
these interstitials will migrate into the crystal and 
aggregate due to their long range interaction and 
high binding energy to form small mobile clusters. 
These clusters may be pinned by an impurity or 
are lost at a dislocation or another sink. The 
aggregation is thought to be a crucial step in the 
process, because a single self-interstitial atom and 
an impurity do not form a stable complex at RT 
[5]. These pinned clusters will grow by capturing 
mobile (clusters of) interstitials forming the deep 
damage. Clusters containing more than 10 to 13 
interstitials will convert to frank sessile loops [6]. 
A maximum damage will be reached if the loops 
overlap and a dislocation entanglement will result. 
The depth range in which the mechanism will 
work is limited because the concentration of mo- 
bile defects becomes too low for the fusion into 
larger clusters. This limit must be sharp since 
cluster formation must be proportional to C n where 
C is the concentration of coagulating defects and 
n > 2. When the irradiation proceeds the growth of 
pinned clusters will slow down due to capture of 
interstitials by damage already created. This would 
imply that the deepest damage created at RT 
consists of small clusters which are immobile at 
RT. At prolonged irradiation, the depth, where the 
growth has been sufficient to create stable defects, 
will increase. This scheme of what may happen 
during irradiation yields a square damage profile 
and a range slightly increasing with the implanta- 
tion dose as is observed in [1] and also in the work 
of Sood and Dearnaley [7]. 

On annealing, part of the pinned clusters may 
become mobile to form larger clusters or loops. At 
greater depth, where the concentration of damage 
is low, these clusters may escape without fusing. 
This would explain the annealing behaviour, in- 
cluding the loss of damage at greater depth. 

3. Experimental procedure 

Single crystals of high-purity (99.999%) Cu of 
{110) normal orientation were electropolished. A 
part  of the surface was implanted at RT with 
2 × 102° m -2 Ag ions of 100 keV or with 2 × 102o 
m -2 Cu ions of 100 keV. An Ag-implanted sample 
was thermally annealed in a hydrogen atmosphere 

at 625 K during 1 h. In this way 4 types of 
samples were prepared: unimplanted samples, 
Cu-implanted samples and Ag-implanted samples 
before and after annealing. Of each of the 4 sam- 
ples RBS spectra were taken with cooled silicon 
surface-barrier detectors (15 keV fwhm resolution), 
placed around 180 ° and at 165 ° and 135 ° with 
respect to the beam direction. This was done at 
various beam energies with the beam aligned with 
the normal ~110) string, with a (111) plane 7 ° 
from the normal string and in a random direction 
3 ° from the {111) plane. Each series of measure- 
ments at one energy was performed at a fresh spot 
on the crystal. Beams of proton and alpha par- 
ticles with energies between 0.5 and 4.0 MeV from 
the Groningen 5 MV Van de Graaff  accelerator 
were used. To perform the alignment the samples 
were mounted on a 2-axis goniometer provided 
with an x - y  translational system with which the 
sample could be moved with respect to the beam. 
The whole measurement was carried out under 
computer control. 

4. Results 

In fig. 1 a set of spectra normalized with a 
random spectrum is shown. The set was obtained 
by bombarding an Ag-implanted Cu crystal with 
0.5 MeV a particles. Basically the (111) spectrum 
displays Xd as a function of depth. With eq. (1) it 
can be understood that the slope of the spectrum 
is a rough measure for the local damage as a 
function of depth. The shallow damage, partly 
hidden by the surface peak, can be seen to extend 
to channel 600 which corresponds to a depth of 55 
nm. The deep damage extends from channel 600 
to channel 300, corresponding to a depth of 250 
r i m .  

In fig. 2 the depth profile of the damage is 
displayed. It was obtained by applying the dif- 
ferential form of eq. (1) to the spectra of Xd and 
Xv- Before calculating eq. (1), these spectra were 
fitted by a spline function. In the figure the depth 
profile is compared with the measured depth pro- 
file of the implanted Ag as obtained from the part 
of a spectrum obtained with 4 MeV c~ particles 
shown in fig. 3. Due to energy straggling the 
damage profile as well as the Ag profile are 
smeared out at the deep side. However, it is without 
doubt that the damage extends much further than 
the range of the Ag. 



R.J. Th. Lindgreen et al. / Shallow and deep damage in Cu 965 

(111) 0 5 M e V  

yield I 250nm'  

i 

@ 

nr7 

Fig. I. Spectra obtained with 0.5 MeV alpha particles in the (110) and (111) direction normalized by a random spectrum in 
Ag-implanted and virgin Cu. 
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Fig. 2. Depth distribution profile of Ag obtained from the 4.0 
MeV alpha spectra and the damage profile D(z) obtained from 
the 0.5 MeV alpha spectra, before and after annealing. 

courlt$ t 

1000 t 

i 

Ag yield 4MeV~ 

f 

j , -  t 7 

J 

channel nr 

Fig. 3. Part of the spectrum of 4 MeV alpha particles showing 
the Ag peak. 
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Fig. 4. The damage profile D ( z )  for copper self-implanted at 
RT. The particle type and energy are indicated with a( E~ ) for 
alpha particles and p ( E  1 ) for protons. 

In fig. 2 we also compare the depth profiles for 
Ag atoms and the damage, before and after an- 
nealing. It is clear that the deepest damage has 
disappeared and that the Ag profile has become 
broader. 

In fig. 4 results for a self-implanted copper 
crystal are given. The depth profile of the damage 
as obtained with different particles and energies is 
shown. Also here we can distinguish a shallow and 
a deep region of damage. The deep region extends 
to about 300 nm, decreasing to about 250 nm after 
annealing at 625 K. 

5. Discussion of results 

From damage profiles (see fig. 4) it is evident, 
that the damage induced in a single copper crystal 
by self implantation with 100 keV Cu ions, con- 
sists of two regions: a shallow region coinciding 
with the expected profile of the implanted ions, 
and a deep region extending to a depth of 300 nm. 
The approximately square profile of the deep 
damage is in agreement with the predictions of the 
model. 

In terms of the model the depth of the deep 
damage is mainly determined by the number of 
nucleation centres for interstitial clusters. The 

copper of the single crystals contains an atomic 
fraction of 10 7 Ag atoms. It has been shown in 
[1] that this fraction may explain the observed 
depth. 

The damage induced by Ag-implantation in She 
Cu single crystal is of similar character. The shal- 
low damage coincides approximately with the 
depth profile of the implanted Ag (fig. 2); the deep 
damage extends to 250 nm in this case instead of 
300 nm in the case of Cu implanted copper. 

Again this can be understood on the basis of 
the model: the increased Ag concentration due to 
the implantation provides a higher density of 
nucleation centres. This leads to more effective 
screening of deeper parts from interstitials. As in 
the case of Cu-implanted Cu the range of the deep 
damage shrinks by 40 nm after annealing at a 
temperature of 625 K for one hour. In terms of the 
model this can be understood by the release of 
small interstitial clusters, just bound to their 
nucleation centres at RT. A small, but significant 
increase in the depth of the implanted Ag is ob- 
served (see fig. 2). This increase may be caused by 
damage-assisted diffusion due to the break-up of 
small vacancy clusters in the shallow region. Ther- 
mal diffusion is negligible at 625 K. 

6. Conclusions 

Similar shallow and deep damage regions were 
found after implantation of Cu single crystals with 
Ag or Cu ions of 100 keV. The range of the deep 
damage including the differences in ranges for Ag 
and Cu implantation may be understood in terms 
of a model, which also explains the anneal be- 
haviour. 

A precise quantitative verification of the model 
by solving the relevant diffusion equations is im- 
possible as long as the parameters needed, such as 
capture radii and binding energies for (clusters of) 
interstitials, are unknown. 

This work is part of the research program of the 
Stichting voor Fundamenteel Onderzoek der 
Materie (Foundation for Fundamental Research 
on Matter) and was made possible by financial 
support from the Nederlandse Organisatie voor 
Zuiver-Wetenschappelijk Onderzoek (Netherlands 
Organization for the Advancement of Pure Re- 
search). 
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