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Abstract. A positron beam with variable energy up to 30 keV has been used to observe
defects created by Ne ion implantation in Cu single crystals. The density profile of these
defects has a peak centred at a depth much larger than the ion implantation depth; this result
is interpreted as being due to dislocation loops formed by aggregation of self-interstitials.

1. Introduction

Lattice disorders produced by ion implantation in metals have been the subject of a
number of transmission electron microscopy (TEM) studies (for reviews, see [1-3]),
which have given detailed information on the amount, species and localisation of defects
in various materials under different conditions. The thorough exploration made in the
pascyears leaves little room for new TEM studies; however, it may be interesting to return
to this subject with an entirely different experimental approach that can demonstrate
effects not easily detected by TEM. This is the case with the recently developed positron
beam technique, which is used in the present work to detect defects created in Cu single
crystals by Ne ion implantation. Special attention is paid to regions deeper than the ion
implantation profile. Deep lattice disorders in an ion-implanted crystal may come from
self-interstitials forming mobile dislocation loops (‘interstitial’ loops), which migrate in
the material until they can escape from a free surface or stop at an obstacle. Interstitial
loops are however not usually observed by TEM in single crystals of pure FcC metals (for
examples and discussions, see [4-6]) because of the escape of mobile loops from the free
surfaces of the thin samples used for TEM studies. This problem does not exist for the
positron beam technique, which allows deep exploration of semi-infinite samples.

The use of positrons for depth-resolved analyses of defects in the proximity of a
surface is a recent extension of well known methods of defect detection, based on the
phenomenon of positron trapping at lattice sites where one or more ions are missing, or
where the structure is less densely packed than in the regular lattice (extended reviews
of positron annihilation in solids and applications to solid state studies can be found in
(7, 8]). In traditional applications, the positrons are implanted in the sample at the
energy they have when emitted from a radioactive source; the depth of the explored

region is therefore fixed by the choice of the emitting isotope. In recent years, however,
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the development of variable-energy positron beams has given more flexibility to the
method, since by controlling the positron implantation energy one can probe a sample
at different depths.

Information on the presence and localisation of defects can be obtained using two
different experimental approaches: (1) to observe the dependence of annihilation
characteristics on the positron implantation energy [9, 10], and (2) to measure the
current of positrons diffusing back to the surface after thermalisation in the sample [11].
The two techniques can be used in combination, but in fact a choice is dictated by the
extension of the region to be explored: when defects are localised at depths above the
diffusion length of the positrons in the sample, which is of the order of 100 nm for most
metals in the absence of defects, the positron current returning to the surface from the
defect region can be too small to yield satisfactory accuracy. For this reason, in the
present study of defect profiles extended well beyond the positron diffusion length, we
adopt the first of the above alternatives in the same version used in [9, 10], i.e., by
measuring variations in the Doppler broadening of the annihilation line at 511 keV.
Details of our experimental procedure are givenin § 2.

With the Doppler broadening technique, the signature of lattice defects encountered
by the positrons is the narrowing of the annihilation line [12], corresponding to the
narrowing of the electron momentum distribution probed by a positron trapped in an
open-volume defect, as compared to the momentum distribution probed in the bulk of
the material. In the presence of a non-uniform defect distribution, the dependence of
the line width on the beam energy displays structures not existent for a homogeneous
reference sample. From the position and the shape of these structures, one can obtain
quantitative information on the spatial localisation and on the shape of the defect
density profile. However, the analysis of the raw experimental data is not immediate:
information on the defect distribution is obtained in a convoluted form with the spatial
distribution of the annihilation sites, determined not only by the positron implant profile
but also by the defect distribution itself. This requires a more or less sophisticated
mathematical model; our approach will be discussed below, but in any case, the pre-
requisites for a reliable analysis are: a distribution of annihilation sites not too broad in
comparison with the structures of the defect profile, and a large specific effect on the
line width of positron trapping in defects.

The first condition sets an upper limit to the depths that can be explored, because
the width of the positron implantation profile increases with the mean depth [13]; the
practical limit is of the order of 1 ym. The fulfilment of the second condition depends
critically on the nature of the lattice defect acting as a positron trap; the rule is that the
specific variation in the line width increases with the size of the defect, with saturation
for large sizes. The experiments reported in [9-11] have shown that the effect on the line
width of helium bubbles, formed by diffusion of helium ions implanted at fluences from
4 x 10' to 2.5 x 10V ions/cm?, is fully adequate for the applicability of the method,;
quite recently, indications of good sensitivity at much lower fluences (10** He ions/cm?)
have also been presented [14]. Here we have an intermediate fluence (10 Ne ions/cm?),
but we expect a weaker signal from dislocation loops than from gas-filled bubbles.
Nevertheless, the results presented in § 2 leave no doubt as to the applicability of the
method even in this situation. The quantitative analysis of our data is based on a
numerical procedure that provides complete flexibility concerning assumptions on defect
and positron implant profiles; this is described in § 3. The results of the analysis are
discussed in § 4.
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Figure 1. Schematic view of the apparatus. (A) W(100) moderator; (B) *Co source; (C)
correction coils; (D) sample; (E) Ge detector.

2. Experimental procedure and results

Our samples were (100)-oriented Cu single crystals in form of discs (12 mm diameter
X 1 mm thick), supplied by Crystaltech, Grenoble. Prior to ion implantation, the
samples were etched in sulphamic acid and annealed at 1050 °C for 2 h; cooling rates
were 10 °C min~! from 1050 °C to 800 °C, and 8 °C min~"' from 800 °C to 20°C. Three
samples were implanted with a fluence of 10 Ne ions/cm? at energies of 30, 65 and
100 ke V; the ion current densities were 0.5 uA cm ™2 for the 30 keV sample, 1 uA cm ™2
for the remaining samples; the sample temperature during implantation was about
100°C. A non-implanted sample was kept for reference.

The positron beam was obtained by moderating the % spectrum emitted by a 30 mCi
Cosource and then by re-accelerating slow positrons to a final energy, variable between
0.2 and 30 keV. The well known physical principles of beam production by moderation
have been presented in various review papers [15-17]; therefore here we give only a few
details on the characteristics of our apparatus, which is shown schematically in figure 1.
The moderator is a (100)-oriented W single crystal, initially annealed above 2200 °C at
a pressure of 6 x 107° Torr; the moderation efficiency obtained in the backscattering
geometry varied during the experiment (after several exposures to the atmosphere and
permanent operation at 1077 Torr) from 1 x 1073 to 7 x 10™*. Slow positrons reemitted
from the W moderator are injected into the transport system at an energy of 200 eV by
an electrostatic extraction stage with a grid aperture. The transport system and energy
filter is a 45° bent solenoid 35 mm in diameter, with an axial field of 50 G and a non-axial
field in the region of the bend given by two external coils, used for correcting the
alignment of the beam with the solenoid axis. The final acceleration was achieved by
polarising the target at the desired negative voltage; we avoided magnetic field gradients
in the proximity of the target by inserting the target for 15 cm inside the solenoid. The
negative polarisation ensured that any positron re-emitted inelastically from the sample
returned on the sample itself. By temporarily substituting the sample with a channeltron,
and using a series of apertures on the solenoid axis, we ascertained that more than 95%
of the beam current hit a central spot 6 mm in diameter when the correction coils were
properly adjusted and the acceleration voltage was set at a minimum of 1000 V.,

The annihilation radiation emerging from the target through the solenoid wall was
detected using an intrinsic Ge detector (efficiency 11%, resolution 1.5 keV for the *“’Ru



Figure 2. Doppler-broadening lineshape par-
ameter S against incident positron beam energy
E. The curves are calculated according to the dif-
fusion model described in the text; a fit including
two capture profiles is shown only for the sample
implanted at 100keV (broken curve). A,
T T T T T Annealed Cu; B, Ne-implanted Cu (30keV); C,
! 5 10 30 Ne-implanted Cu (65 keV); D, Ne-implanted Cu
£ lkeV) (100 ke V).

0.48

0.45

line at 497 keV). Spectrometer drifts were detected, and were automatically corrected
via software by taking the 511 keV annihilation line and the 384 keV line of 1**Ba as fixed
points. The line width was characterised by means of the usual line shape parameter S,
defined as the fractional area of a central section of the annihilation line. In the present
work, a width of 0.8 keV was chosen for this section. Partial data were taken at each
setting of the beam energy for 5 min, and summed over automatically repeated runs
until a total of about 10° counts were accumulated at each energy.

Our experimental results for the parameter S are reported in figure 2; the lines
through the experimental points are best-fit curves obtained as discussed in § 3. The
points below 1 keV, which probably reflect incomplete collection of the beam at low
energy, were not included in the fitting procedure.

3. Data analysis

The aim of the analytical procedure was to reconstruct the defect density profile starting
from experimental S—E data. For this, we need to give an explicit form to the relationship
between § and the defect profile, which comes from the influence that defects localised
at different depths have on positrons diffusing in the sample. We follow here the same
approach described in [10], but with technical differences in the mathematical treatment
to give an unrestricted choice for the class of functions taken for approximating the
positron implantation distribution and the defect density profile.

The starting point is to assume that each annihilation event comes from a positron
originally in one of the following states: (a) a free diffusing state, populated by a fraction
f: of the positron ensemble, and giving annihilations with a characteristic line shape
parameter S;; (b) a surface-trapped state (population fraction f;, line shape parameter
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S,); (¢) one or more bound states, localised at defects of one or more different families
distributed with density C,(x) at the depth x below the surface (population fraction f, ;,
line shape parameter S, ; for state /). The experimental annihilation line comes from the
statistical superposition of events from the different annihilation channels, leading to
an S-parameter thatisalinear combination of the specific S-parameters for each channel,
as given by:

S=358fe +S:fs +2Sd,ifd,i~ 1

If n(x) is the stationary free positron density at a distance x from the surface (a one-
dimensional geometry is appropriate for the present situation), t ~! the annihilation rate
of free positrons, D, the free positron diffusion constant, and y; the specific defect
trapping rate, the expressions of the fractions f are:

fo=r [ ds @
0

fs =D+(dn/dx)x=0 3)

fur =t [ Cilm) d. 0
0

In the above equations, the condition
fetfi+2f=1 ©)

follows from the proper normalisation of n(x). Equation 3 comes from the assumption
of a ‘black’ surface, i.e., that the diffusion current is totally absorbed in the surface state;
we return on this point below.

If non-thermal annihilation and capture are neglected, the stationary distribution
n(x)isthe solution of the diffusion equation that expresses the balance betweenincoming
positrons, implanted with a profile P(x), and positrons removed from the distribution
n(x) by annihilation, trapping or diffusion to the absorbing surface:

D, (d*n/dx?) - <r‘1 + 2 u,-Ci(x)>n + P(x)=0 (6)

with the boundary conditions:
n(x = 0) = n(x =) = 0. (7N

The correct normalisation for n(x) is automatically ensured if one takes:
f P(x)dx =1, ®)
0

Equations (1)~(8) enable one to evaluate § as a functional of Cy(x) and P(x) by
passing through the integration of equation (6), which we perform by the numerical
routine described in [18]. Functions C(x) are however not known a priori; thus one has
to guess a suitable functional form with parameters to be determined by best fitting with
the experimental data. We proceed as follows:
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(a) for P(x) we take the Valkealathi-Nieminen [11] formula:

P(x) = —d{exp[ - (x/x,)"’]}/dx 9)
where x is related to the mean implantation depth X:

xo = X/1.13. (10
In turn, X depends on the beam energy £:

X = (D, 1) 2(E/E,)" (11)

where Ejand n are parameters determined, together with S;and S;, by best fitting to the
experimental S-data for the unimplanted reference sample. Based on values for D, and
7 reported in [15], one has (D, 7)"? = 109 nm;

(b) First we attempt to fit the experimental data for the implanted sample by assuming
the existence of a single defect species; for the product TuC(x), hereafter called the
‘capture profile’ and denoted k(x), we assume the form:

k(x) = —K dfexp[—(x/x4)"]}/dx (12)

where the parameters K, x,and m are determined, together with S; and Sy, by best fitting
to the experimental S-data for the implanted samples. Here we can state explicitly that
in the best fit for the implanted samples we use the values of S;, Ey and n obtained from
the reference sample data, and we again leave S, as an adjustable parameter. The reason
is that the surface conditions of different samples are not necessarily identical, and small
variations in S, are to be expected; it would be incorrect to cancel these variations with
an artificial offset to the data, as this would displace the horizontal asymptote of S for
x =,

The results of the best-fitting procedure based on this model are shown as full curves in
figure 2. For the reference sample and for samples implanted at 30 and 65 keV the
variances of the fit (? per degree of freedom) are 1.5, 1.6 and 1.2, respectively; for the
sample implanted at 100 keV, the variance is 2, and an inspection of the figure tells us
that the higher discrepancy essentially comes from the low positron energy region. We
therefore attempted to improve the fit at 100 keV by assuming the presence of two
distinct families of positron traps localised at different depths. However, because the
introduction of a second capture profile leads to much heavier best-fit calculations, we
made only a partial adjustment by keeping fixed the parameters of the capture profile
obtained in the preliminary three-state fit; for the additional defect family, we again
took the shape given by equation (12) with K, x4 and m as free parameters. The result
is the broken curve in figure 2, which merges with the solid curve at high positron energy;
the variance of this fitis 1.1.

4. Results of the analysis and comments

Our best-fit values for the free parameters in equation (10) are E; = 4.35keV andn =
1.13; we have here a discrepancy with [13, 19], which for Cu give n from 1.4 to 1.6, as
well as a penetration depth at 1 keV from which one obtains £, = 8 keV. A modification
of our mathematical model! to include an internal reflection coefficient at the surface
would bring our values in better agreement with the literature, at the cost of increasing
the number of parameters to be adjusted. However, we avoid forcing the analysis in this
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Table 1. Mean depths of the capture profiles (x4) and of the ion implantation profiles (R).

Ion energy (keV) x4 (nm) R? (nm)
30 381 25
65 410 46

100 65and 417 71

# Calculated according to Dearnley ez al [22].

Aix)

Figure 3. Best-fitevaluation of the capture profiles
k(x); the contribution of shallow defects is shown
only for the sample implanted at 100 keV (broken
curve). Ne-implanted Cu sample at A, 30keV;
B, 65keV; C, 100 keV.

direction because the shape and the depth of the positron implantation distribution may
actually depend on the specific experimental arrangement.

An important parameter is the voltage difference between the sample and the
chamber walls; with the negative bias used in the experiment, the positrons escaping
from the sample after incomplete thermalisation are re-implanted near the surface. We
recall that effects due to epithermal positrons have been observed in Cu at implantation
energies up to 6 keV [20]. Also positron channelling [21] may be important, since the
incidence of the re-accelerated beam is almost normal to the (100) surface of the sample.

The mean depth values for the capture profiles as obtained from the best-fitting
analysis are given in table 1; the functions k(x) representing the shape of the profiles are
shown in figure 3. The area below each curve (not including the dashed peak for the
100 keV sample), i.e., the parameter K in equation (12), has been constrained to be
proportional to the total energy released during ion implantation. The fit is not very
sensitive to K; variations within 20% are compensated by correlated small variations in
S4. Even less precise is the determination of the height of the left peak for the 100 keV
sample, which is based on data in a very restricted energy interval; realistically, one can
take the height reported in figure 3 as an indication of the order of magnitude. On the
contrary, from the statistical point of view, the determination of the depth is much more
precise: we estimate the statistical error of the mean depths reported in table 1 at about
2.5%. However, the depth scale depends non-linearly on the parameters E; and n
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introduced as fixed values in the analysis for the implanted samples. For instance, a scale
based on the values given in [13] gives 100 nm, 300 nm and 1000 nm, where we have
200 nm, 400 nm and 1000 nm, respectively. For thisreason, we cannot exclude systematic
error much larger than purely statistical uncertainty.

The above discussion on the overall accuracy obtained in this experiment does not
affect the main information given by our results: the structure in the S—F curve observed
at high beam energy demonstrates positron trapping in the region of disorder much
deeper than the mean ion implantation depth (also reported in table 1 for comparison).
By combining the present evidence with the results of TEM studies, we conclude that this
region is the interstitial counterpart of the vacancy-type disorder observed by TEM within
the ion implantation range. The attribution is consistent with the observation that the
position of the peak is not correlated to the ion implantation energy: the repulsion of
self-interstitials from the implanted region is due to the compression generated for
accommodating the large local concentration of implanted ions, which is proportional
to the fluence and not to the energy. We also remark that our interpretation is not in
contrast with the well known fact that interstitials do not trap positrons, but it implies
partial reordering leading to the formation of interstitial loops: in this case the capture
of positrons occurs in the expanded zone at the edges of portions of regular lattice planes.

The narrow peak in the capture profile for the sample implanted at 100 keV is most
probabiy due to gas-filled bubbles and dislocation loops formed by the collapse of
vacancy aggregates within the implantation region. Traces of a similar peak also seem
to exist in our data for samples implanted at lower energies, but the data quality does
not allow us to attempt a reconstruction. Not only does the lower implantation energy
produce a smaller concentration of defects, but also the position of the peak movesin a
region closer to the surface that we cannot explore in detail due to the limitations of our
set-up below 1keV. In the absence of data at very low positron energy, the fitting
procedure masks the effect of capture in the proximity of the surface by adjusting the
apparent surface value of the S-parameter.

The second aspect of our results is a contribution to the elucidation of the potential
of the positron beam technique. In summary, our work demonstrates: (a) the possibility
of using a variable-energy positron beam for material studies in conditions that are
unfavourable for TEM analyses; (b) the sensitivity of the method not only to bubbles and
voids but also to dislocations; (c) the flexibility of the numerical analysis of the datain a
case with a complicated defect distribution. On the other hand, a negative point is that,
inthe absence of a fixed reference point the depth scale must be determined in an indirect
way, and may be affected by our imperfect knowledge of the positron implantation
distribution as well as by arbitrary choice in the mathematical model.
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