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Abstract
Investigations of defects and their spatial distribution in Bi irradiated with 167 MeV  Xe26+ ions of different doses have been 
performed using conventional positron lifetime spectroscopy and variable energy positron beam. In an implanted layer, in 
which ions are traveling, interacting with atoms and stopping, only clusters which consist of more than eight vacancies were 
found. It was assigned from ab initio theoretical calculations of positron lifetime in vacancy clusters in Bi. The thickness 
of this layer corresponds to the range of implanted ions calculated from the SRIM code. However, beyond this layer, an 
extended layer with such defects has also been found. Its thickness is comparable to the thickness of the implanted layer and 
it depends on the dose. Defects induced by implantation are also present near the entrance surface, and their concentration 
depends on the dose of implanted ions as well. Three methods for reconstructing the actual mean positron lifetime and thus 
the induced depth defect distribution have been proposed, two of them are used in current research.

1  Introduction and motivation

Many aspects of swift ion–solid interactions have been 
intensively studied, including the morphology of atomic 
defects generated during this interaction [1]. This is impor-
tant because they play a key role in the constitution of the 
final physical properties of the region exposed to this inter-
action. It is generally accepted that defects are generated 
mainly at the end of the ion track results from inelastic 
nuclear collision cascades when ion energy is of the order of 
keV. This takes place in the nuclear stopping power regime. 
However, they can also occur in the electronic regime, 
i.e., during ionization and excitation of electrons, when 
ion energy is much higher. According to the thermal spike 
model, strong coupling of excited electrons with phonons 
results in rapid heating and cooling of the material in the 
vicinity of the track. This leads to a transient and highly 
disordered zone [2]. Damage of the target takes place also 
at the entrance surface when the target atoms are spattered 
[3]. Thus, implantation of swift ions into target results in a 
generation of damages ranging from point defects to phase 
transition. It is accepted, that the thickness of the damaged 

layer is from nanometers to a dozen micrometers, which 
overlaps with the ion projectile range (Rd).

The magnitude of the damage induced depends not only 
on the irradiation conditions, i.e., the incident energy of 
ions, their charge and the fluence but also on the physical 
and chemical properties of the irradiated target material. The 
response to irradiation must be different depending on the 
material, even under the same conditions. Here the question 
arises about the depth distribution of the generated defects. 
The theoretical simulations based, for instance, on the 
SRIM/TRIM code indicate that along the track the vacancies 
concentration is almost constant but near the end, the track 
gradually increases and drops to zero at or beyond the ion 
projectile range [4]. The theoretical distribution has a char-
acteristic peak at the end of the track, in the region of the 
Bragg peak of the curve for electronic stopping power. Nev-
ertheless, experiments have shown a much complex shape of 
the distribution which additionally is extended much beyond 
the projectile range [5]. This was detected by experimental 
techniques such as TEM or microhardness and also positron 
annihilation techniques. Sharkeev et al. even proposed to 
call this as the long-range effect (LRE) [6]. However, there 
is no consensus about the existence of this. Nevertheless, 
we argue that the positron annihilation technique, extremely 
sensitive to the defects can be a proper tool to confirm or 
reject this effect.
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Positron annihilation (PA) spectroscopy has been used 
to study implantation-induced defects mainly in semi-
conductors [7], however, also in other materials (see for 
instance Ref. [8]). Positrons are uniquely sensitive to the 
open volume defects like vacancies and their clusters, 
voids or dislocations. Additionally, by means of variable 
energy positron beam technique it is also possible to obtain 
the distribution or profile of these defects below the surface 
[9]. However, this technique allows testing to a depth of 
only one or two micrometers. Recently, using the conven-
tional positron source, i.e., 22Na we applied the experimental 
technique which allows us to perform tests at the depth of 
dose micrometers [10]. This is suitable for profiling defects 
induced by irradiation with MeV ions as it was shown in 
our recent studies. We have carried out several such studies 
so far where metals like Cu [11], Ag [12], Fe [13] and Ti 
[14] were irradiated with swift  Xe26+ ions of energy about 
167 MeV. In the case of Ag and Fe, defects were observed 
far beyond the projectile range, but in the case of Cu and Ti, 
the depth of the damage layer correlated exactly with the 
range of ions. We did not confirm the total range of dam-
age extended about three orders than the projectile range 
reported by some authors [6, 15, 16], however, we have not 
ruled out the possibility of such a large depth of damage. 
It can be assumed that samples’ preparation and irradia-
tion procedure can generate the damage at a larger distance 
than expected, i.e., Rd. The finite element analysis calcula-
tions have pointed out that high stress, significantly above 
the yield strength that can occur during implantation, may 
extend plastic deformation beyond the projectile range [13]. 
In this paper, we intend to report similar studies of defect 
distribution not in metal but in semimetal, i.e., polycrystal-
line Bi irradiated with swift  Xe26+ ions.

Many authors have studied Bi bulk samples and thin films 
irradiated with different ions. Dufour et al. irradiated with 
swift Xe and Ta ions Bi samples at several temperatures 
between 20 and 300 K and they monitored electrical resis-
tivity as the function of fluence [3]. They have shown that 
the damage efficiency and ions track radii increase as the 
irradiation temperature increases. This supports the thermal 
spike model, i.e., the initial kinetic energy transfers to target 
atoms mainly by the electronic excitation.

It should also be reminded of other studies involving 
irradiated Bi. Its foils placed in lead target irradiated by 
660 MeV protons were applied for production of Po iso-
topes. The maximum of production of these isotopes was 
observed on the end of a range of protons when their energy 
is less than 100 MeV [17]. Many authors studied the spatter-
ing yields from Bi thin films bombarded by swift  Cu4+ and 
 Cu7+ ions [18] and  Ar+ ions [19]. They found a satisfactory 
agreement with Monte Carlo simulation using the SRIM 
2008 code.

In this article, we present positron annihilation research 
in polycrystalline, well-annealed samples of Bi exposed to 
irradiation by  Xe26+ ions with 167 MeV of different fluen-
cies. Conventional positron lifetime measurement will be 
used to determine the depth profile of defects induced by 
these ions irradiation. The two proposed methods allow us to 
reconstruct the actual defect depth profile. The region close 
to the surface of the irradiated samples will be characterized 
by the slow positron beam technique. To recognize the type 
of defect, the ab initio calculations of positron lifetime in 
vacancy clusters are presented. In general, the purpose of 
our research is to confirm previous arrangements for LRE, 
but in semimetal Bi.

2  Experimental details

2.1  Sample preparation

Samples of pure Bi (99.997% purity purchased from Good-
fellow) had the shape of a plate with a height of 2 mm and 
a diameter of 10 mm and prior to irradiation, they were 
annealed in an  N2 gas flow at 200 °C for 1 h and then slowly 
cooled to room temperature. To clean the surface, all sam-
ples were etched in a 25% solution of nitric acid in distilled 
water and their thickness was reduced by 50 µm. The meas-
urements of the positron lifetime spectrum for such virgin 
samples revealed only one component equal to 241 ± 1 ps 
which corresponds well with the experimental bulk value 
reported, i.e., 241 ps, [20], 249 ps [21], 240 ps [22]. This 
proves that only residual defects remain in the samples, 
which are not actually visible to positrons.

The implantation process of the samples was performed at 
IC-100 cyclotron at Flerov Laboratory of Nuclear Reactions 
at Joint Institute for Nuclear Research (JINR) in Dubna, Rus-
sia.  Xe26+ heavy ions with an energy of 167 MeV and three 
doses, namely  1013, 5 × 1013 and  1014 ions/cm2 were applied. 
The average ion flux was 5 × 109 cm−2 s−1. The temperature 
of the samples in their volume during irradiation did not 
exceed 80 °C.

2.2  Positron measurements

The present work used conventional fast–fast coincidence 
digital positron lifetime spectrometer APV8702 (made by 
TechnoAP Co. Ltd.). As the detector, two photomultipliers 
H3378-50 (made by Hamamatsu) coupled with  BaF2 scintil-
lators were applied. The time resolution of the spectrometer 
(FWHM) was about 180 ps. The isotope 22Na was used as 
the positron source encapsulated into a titanium foil 7 µm 
thick, with an activity of about 27 µCi. Two identical pre-
pared samples were placed on both sides of the positron 
source.
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With an approximation, the depth profile of the implanted 
positrons, i.e., the depth distribution where positrons stop, 
as they are already thermally and practically annihilated, 
is expressed by the exponential decay function character-
ized by only one parameter, linear absorption coefficient. 
For Bi, its value is about 435 cm−1, so about 63% of posi-
trons emitted from this source are stopped in a layer with a 
thickness of 23 µm [23]. At closer inspection, closer to the 
surface, at a depth of less than 10 µm, the profile changes 
shape, and becomes steeper (see e.g. Ref. [24]). The linear 
absorption coefficient value in this region increases about 
factor of two. So, this convinces us that using conventional 
positron techniques with 22Na positrons, one can study the 
near-surface regions, at the depth of about 10 µm. Indeed, 
such studies are possible and this was shown in our previ-
ous papers devoted to samples exposed to implantation with 
swift  Xe26+ ions [13].

Slow positron beam equipment called as the variable 
energy positron beam (VEP), suitable for studies of the dam-
ages induced by irradiation at a depth less than 1 µm, was 
used at JINR in Dubna. The energy of injected positrons 
was between 0.1 and 35 keV. The beam intensity was about 
 105 e+/s and its diameter was 5 mm. The HPGe detector with 
an energy resolution of 1.20 keV at 511 keV was used to 
monitor an annihilation line shape parameter, S-parameter, 
in relation to positron incident energy. This parameter is 
defined as the ratio of the area below the central part of the 
annihilation peak to the total area in the compartment of 
this line. The energy interval taken for calculation is always 
constant within the whole measurement session.

3  Experimental results

3.1  Positron lifetime depth profiles

To detect the depth profile of defects resulting from implan-
tation, the sample was etched to remove a layer of about 
2 µm thick and then the positron lifetime spectrum was 
measured. 25% solution of nitride acid in distilled water was 
chosen as an etching solution. The thickness of the sam-
ple was measured before and after etching using a digital 
micro-screw with an accuracy of ± 0.5 µm. The procedure 
was subsequently repeated until the bulk value of the posi-
tron lifetime was obtained, this means that the damage layer 
has been removed and the virgin region has been reached. 
In practice, this procedure allows us to scan the sample to 
any depth, although it should be mentioned that the sample 
will be destroyed after such measurement. Initially, near the 
entrance surface, in each spectrum, two lifetime components 
τ1 and τ2 were resolved. Their values and intensities, I1 and 

I2 (in percentage) will be analyzed. However, it is convenient 
to define the mean positron lifetime value as follows:

Deeper only single lifetime component was resolved from 
the measured spectra, and this value will be treated as the 
mean positron lifetime too. The mean positron lifetime is 
sensitive to the presence of the open volume defects. When 
these defects occur in a test sample, its value increases sig-
nificantly above the bulk value. It is a solid parameter, which 
is an indicator of the presence of open volume defects [7].

The projectile range, Rd, of implanted  Xe26+ ions into 
Bi was obtained using SRIM code [4], its value was about 
13.2 µm and longitudinal straggle about 1 µm. In Fig. 1a, 
the shadow rectangular represents the implanted layer (IL), 
i.e., a region where ions travel and interact with target atoms. 
However, in this figure, we depicted the theoretical depth 
distribution of vacancies generated by recoil obtained by 
this code.  106 ions were used in the SRIM code simulations, 
but the obtained results were recalculated to obtain the cor-
responding dose used in the implantation. It is clearly visible 
that the number of vacancies increases from the entrance 
surface and is maximal at the end of the ion tracks. The 
maximum height is proportional to the dose, as expected. 

(1)𝜏(z) =
(
𝜏1I1 + 𝜏2I2

)
∕100%.

Fig. 1  SRIM simulation results (a) of vacancies’ density in depend-
ency on depth from the entrance surface after 167  MeV  Xe26+ 
implantation with different doses in Bi. The depth distribution of the 
measured mean positron lifetimes (b) obtained in the etching experi-
ment as the function of depth from the entrance surface. The hatched 
region represents the value of positron lifetime resolved for a well-
annealed specimen. The gray rectangular represents the region of the 
implanted layer, where ions are traveling and finally stop. The solid 
lines represent the best fit of Eq.  (3) to the experimental points for 
each dose
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This is clear, because only ions are the source of damages, if 
more ions are implanted, then more damages, and defects are 
present. In Fig. 1b, the measured depth profile of the mean 
positron lifetime is shown for all three doses. In the region of 
the IL, the mean positron lifetime decreases gradually. How-
ever, the bulk value of the mean positron lifetime, tagged by 
hatched rectangular is obtained above Rd. For the highest 
dose, this was at the depth of about 28 µm, i.e., about two 
times more than Rd. This clearly indicates that the damage 
layer involved by ions is extended much beyond the IL. For 
the lower doses, this effect is also well visible, however, the 
depth at which the bulk value is obtained is slightly lower, 
i.e., 18 µm, for both cases.

The obtained profiles, Fig. 1b, are the result of convolu-
tion of the positron implantation profile with the actual pro-
file of the mean positron lifetime, which in turn is associated 
with the profiles of open volume defect concentration caused 
by implantation. This is clearly represented by Eq. (4) in 
Appendix 1 where a detailed discussion is given too. The 
approximated reconstruction of the actual profile can be car-
ried out using Eq. (7), and the results are depicted in Fig. 2. 
This profile presents the actual value of the mean positron 
lifetime in a layer with a thickness of approximately 5 µm. 
The fraction of positrons w in Eq. (7) which annihilate in the 
adjacent to the positron source layer is about 23%, this value 
was calculated using the LYS-1 code [25, 26], where the 
fraction of positrons emitted from 22Na in a stack of layers 
with different thicknesses is evaluated. The general features 
of the profiles of Fig. 1b are also reproduced in Fig. 2, i.e., 
cut off at the certain depth that exceeds the projectile range 
and the small reduction of the mean positron lifetime with 
increasing depth. However, the obtained positron lifetime 

values are about 30–80 ps larger than those of Fig. 1b. This 
is understandable, as discussed in Appendix 1 and illustrated 
in the typical examples of profiles in Fig. 5, Appendix 1. It 
should be noted that such a reconstruction is subject to great 
uncertainty mostly caused by uncertainty in thickness meas-
urements ca. 0.5 µm, because it could influence the deter-
mination of the w value which could differ around ± 10%. 
Additionally, the reconstructed value depends on the inverse 
of the w value, which is much smaller than the unity, Eq. (7).

It seems that another more accurate approach may be pro-
posed, in which the experimental relationships of Fig. 1b 
can be described directly by means of Eq. (4). However, in 
this case, one should know what kind of dependency should 
be expected for the actual mean positron lifetime. Look-
ing at examples of dependencies of Fig. 5 in Appendix 1, it 
seems that the dependency in Fig. 5a (solid line) best suits 
the experimental dependencies. Let us assume then that the 
actual dependency of the mean positron lifetime is described 
as a step-like function as follows:

where θ(z) is the Heaviside step function, and a, b and c 
are the adjustable parameters. From Eq. (4), the following 
relation can be obtained for the mean positron lifetime con-
voluted with the positron implantation profile represented 
by Eq. (5)

The solid lines in Fig. 1b represent the best fits of this 
relation to the experimental points for each dose. The width 
of the step, b parameter is equal to 15.1 ± 0.7, 16.5 ± 0.5 
and 27.6 ± 0.6 µm, for dose  1013, 5 × 1013 and  1014 ions/

(2)𝜏(z) = a[1 − 𝜃(z − b)] + c,

(3)𝜏m(z) = a
{
𝜃(z − b)

[
e𝜇(z−b) − 1

]
− e𝜇(z−b)

}
+ a + c.

Fig. 2  The reconstructed value, according to Eq.  (7), and the depth 
dependency (solid line) of mean positron lifetime in the layer of 
thickness of about 5 µm, for Bi samples implanted with  Xe26+ ions of 
167 MeV with different doses. For this, the depth dependencies from 

Fig. 1 were applied. The gray rectangular represents the region of the 
implanted layer, where ions are traveling and finally stop. The dashed 
lines represent the step function, Eq. (2) results from fit of Eq. (3) to 
the experimental points from Fig. 1b
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cm2, respectively. The parameter a representing step height 
is equal to 69.6 ± 3, 71.8 ± 2, 57.9 ± 1.6 ps for dose  1013, 
5×1013 and  1014 ions/cm2, respectively. The value of the c 
parameter was fixed and equal to 240 ps. The linear absorp-
tion coefficient µ is also an adjustable parameter, its value 
obtained from the fits is about 565 ± 23 cm−1, 730 ± 91 cm−1 
and 806 ± 80 cm−1, for dose  1014, 5×1013 and  1013 ions/
cm2, respectively. However, in the dependencies presented 
in Fig. 1b, its value was fixed at average value, i.e., equal to 
700 cm−1, and it does not change χ2 in the fitting procedure 
which was above 0.95. The fact that the above values are 
higher than 435 cm−1, referred to above, confirmed differ-
ence of absorption coefficient observed, see Refs. [23, 24]. 
Thus, this approach indicates that the actual mean positron 
lifetime, and hence defects can be distributed uniformly 
at the depth beyond Rd. Generally, this is not contradicted 
to the results obtained from reconstruction, in Fig. 2, the 
dashed lines represent the step dependency Eq. (2) obtained 
from the fits. Certainly, Eq. (2) can only be considered as an 
approximation of the actual dependence, another function 
may also be used, however, without a clear physical inter-
pretation of adjustable parameters. Nevertheless, the most 
important conclusion obtained in this approach is that with 
increasing dose the sum thickness of IL and ELD increases, 
i.e., the b parameter, while the step height, the a parameter 
does not change. A slight effect was also observed in Ag, 

to which  Xe26+ ions are also irradiated, see Fig. 3 in Refs. 
[12, 13]. But, it was not the same as a result of the Bi case 
in this work. It should be mentioned that this effect was also 
observed by Lu et al. [5] in nickel, NiCo and NiFe after 
irradiation of 3 MeV-charged Au ions. The total range of 
defects induced by the irradiation was equal to ca. 450 nm 
for doses 2 × 1013 ions/cm2, and 1100 nm for 5 × 1015 ions/
cm2 as in Ni single crystal. Therefore, not only the energy 
of the implanted ions, as shown in Ref. [13], but also the 
dose has a large impact on the distribution of defects beyond 
the IL.

The presence of defects in the IL is obvious, but their 
presence outside it is a surprising result. In the literature, the 
authors suggest several explanations for this phenomenon. 
According to Lu et al., the extended layer of damage (ELD) 
can result from the diffusion of point defects from the IL into 
deeper regions [5]. However, our previous research and also 
other authors did not confirm this. Annealing an implanted 
iron sample resulted in the disappearance of ELD instead 
of its expansion [13], but, as presented by other authors, 
implantation at low temperature also induces ELD [27]. 
Sharkeev and Kozlova pointed out that mechanical stress 
caused by ion implantation may induce the generation of 
defects beyond IL [16]. Two reasons justify this explanation. 
The model using the finite element analysis method explains 
qualitatively the expansion of defects outside IL observed by 

Fig. 3  The values of the positron lifetime components, τ1, τ2 (closed 
circles) and their intensities (open squares) resolved from the meas-
ured positron lifetime spectra as the function of the depth from the 
entrance surface of Bi samples irradiated with  Xe26+ ions with doses: 

 1013 (a), 5 × 1013 (b) and  1014 (c) ions/cm2. The values were used to 
calculate the mean positron lifetime according to Eq.  (1) and pre-
sented in Fig. 1b. The gray rectangle represents the implanted layer, 
whose thickness was calculated from the SRIM code
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positrons [13]. The implantation process causes tensile stress 
in IL, but deeper layers where ions do not reach anymore 
are consistently squeezed. If the yield strength is exceeded 
in both layers, then plastic deformation will cause defects 
in both IL and ELD. It is important to note that they may 
overlap defects generated in the nuclear collision cascade. 
This may explain why the shape of the defect distribution 
as seen by positron in Figs. 1b and 2, does not correspond 
to the distribution obtained by the SRIM code, Fig. 1a. In 
this case, the concentration of defects increases with increas-
ing depth, which should be reflected in the increase in the 
mean positron lifetime, which can be seen in the example in 
Fig. 5b or d. It is also puzzling that close to the surface of the 
actual mean positron lifetime and thus the concentration of 
defects, is greater than deeper, Fig. 2 (solid lines). Near the 
surface, the energy of penetrating ions is high and stopping 
power by nuclear collision is low, thus one should expect a 
low amount of defects and hence a lower value of the mean 
positron lifetime. The presence of tensile stress across the 
IL can explain this. It can be generated by increasing the 
temperature during implantation and lattice expansion. This 
can happen when the sample, e.g., is not sufficiently cooled. 
The presence of slowed ions can lead to swelling of the IL, 
and this can be another source of tensile stresses. In the 
finite element analysis, we assumed the tensile stress has a 
constant value, in fact, the depth distribution is not excluded 
[13]. Thus, the results of Fig. 1b, and Fig. 2 may indicate 
that another defect generation mechanism works in all its 
IL volume.

To identify the type of defects generated by implantation 
in Bi in Fig. 2, we present the values of individual posi-
tron lifetime components and their intensity obtained for all 
the irradiated samples. It should be noted that the value of 
τ1, closed circles in Fig. 3, is smaller than bulk value, i.e., 
241 ps to a depth of approximately 30 µm. For a smaller 
depth, this value decreases to about 180 ps on the entrance 
surface. The fact that the τ1 value is smaller than the bulk 
value, is well-explained by the two-state trapping model (see 
for instance Ref. [7]). According to this model, positrons can 
annihilate, both in a free and bound state, i.e., trapped in a 
defect. In other words, there is a bulk region in a sample in 
which positrons move freely and defects that trap them. The 
τ1 value is the reciprocal of the annihilation rate, the latter 
being the sum of the annihilation rate in the free state, i.e., 
in bulk and the trapping rate on the defect. Because trapping 
rate is proportional to the defect concentration, then with 
its increase τ1 value decreases. We can conclude that the 
increase of the τ1 value, shown in Fig. 3 indicates a reduction 
in defect concentration with increasing depth. This reduc-
tion is smaller in the IL than in EDL, as it is well visible for 
the sample irradiated with the highest dose, Fig. 3 (right). 
The intensity of this lifetime component, open squares in 
Fig. 3, also increases with increasing depth, also indicates 

this trend. Two-state trapping model assumes that only one 
type of defect is present in the sample, the value of the sec-
ond lifetime τ2, closed circles in Fig. 3 is associated with this 
defect. In the IL, this value is about 440 ps for the sample 
with the highest dose, however, for the samples with lower 
doses, its value is slightly smaller about 420 ps. Such a large 
value suggests that cluster which consists more than eight 
vacancies are present in the IL (see Appendix 2, Fig. 6). It 
is possible to indicate a high intensity of the second lifetime 
component of about 45%, at the entrance surface for all sam-
ples, open squares in Fig. 3. Its value decreases rapidly in 
the IL. In the case of the sample irradiated with the highest 
dose, also in the EDL, this component is observed. Thus, 
irradiation with fast  Xe26+ ions induces the formation of 
large vacancy clusters, whose concentration decreases with 
increasing depth from the entrance surface.

The intensity of the second lifetime component can be 
compared with the results of the positron lifetime measure-
ment on the worn surface of Bi sample exposed to dry slid-
ing in the friction process [28]. In this case, the intensity 
was much lower, around 20%, but the value positron lifetime 
value was almost the same, i.e., about 420 ps. Also, in this 
case, the value of the first lifetime component was lower 
than bulk value, i.e., about 230 ps. Certainly, the process of 
implantation and friction is completely different, but Bi’s 
structural response leads to similar defects. As is known, in 
the case of friction, the surface and region below are exposed 
to a stress. This may suggest that static and dynamic stresses 
are present during implantation, but much larger, as it was 
reported by several authors [16, 29, 30]. It is difficult to esti-
mate its value from positron results, because only for very 
small values one can expect a linear relationship between the 
tensile stress and the mean positron lifetime. At high stress, 
this relationship becomes saturated. In our last investiga-
tion, we suggested that the stress in the IL can be an order 
of about 1 GPa, however, in Bi this value can be different.

3.2  VEP results

The results obtained using conventional positron lifetime 
spectroscopy, despite low spatial resolution, of about 
1–2 µm, indicate that swift ions many damage the near-sur-
face region. To confirm this, a slow positron beam technique 
was used to study the irradiated samples. The results are 
shown in Fig. 4. Note that the mean depth of implanted posi-
trons is marked on the upper axis, this depth was calculated 
using the following relationship, z̄ (nm) = 8.61 × E1.372 , 
where E is the input positron energy in keV, shown in bottom 
axis [31]. The total range of this measurement is from 10 nm 
to 1.3 µm. The open diamonds represent the dependency of 
the S-parameter versus the positron incident energy obtained 
for the reference, well-annealed, non-irradiated sample. It 
is well-known that the S-parameter reflects the annihilation 
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of positrons with low momentum electrons. The latter is 
present in open volume defects, such as vacancy and its clus-
ters. Therefore, this parameter similar to the mean positron 
lifetime is sensitive to these defects in measured samples. 
In Fig. 4, the value of the S-parameter for the virgin sample 
is lower than for the samples subjected to irradiation. There 
is also a tendency that the S-parameter increases in value as 
the dose increases. It is not clearly visible in Fig. 1b, where 
the values of the mean lifetime of positron on the entrance 
surface for all these samples are almost equal. We can con-
clude that despite the high energy of implanted  Xe26+ ions 
and consequently, their deep penetration, the surface close 
to the surface is strongly damaged. What’s more, the level 
of this damage depends on the dose.

Values of the measured S-parameter that are presented 
in Fig. 4 do not change significantly with the increase of 
positron energy, the dependencies are almost flat. It results 
from the fact that the value of parameter S on the surface 
does not differ significantly from the value in the interior. It 
makes it impossible to obtain quantitative information, e.g., 
values of the positron diffusion length. Thus, let us remain 
on the qualitative analysis of the results from Fig. 4.

4  Final remarks

Taking into account the results in this article, we can sum-
marize our current research on LRE in the following way.

ELD accompanies IL in Bi, its occurrence is the result 
of ion presented implantation, however, that ELD was not 

observed for Cu and Ti irradiated with  Xe26+ ions [11, 14]. 
This may indicate that the properties of the target material 
may also affect ELD formation. The dose seems to be an 
important factor responsible for the distribution of defects 
in the ELD, and their depth distribution.

Processes occurring in IL are the source of defects in 
ELD. Dynamic or static stress occurring during implantation 
is very likely, the value of which exceeds the yield strength. 
This stress must cause additional IL defects that overlap 
defects resulting from ionization and nuclear collision with 
nuclei of atoms of the target material. This can explain why 
in all investigated cases the depth distribution of defects does 
not correspond to the vacancy depth distribution obtained 
from the SRIM simulation. The defect concentration seen 
by positrons is higher near the entrance surface and then 
gradually decreases according to the reconstruction that at 
least remains constant throughout the depth. There is no 
maximum observed at the depth at which the Bragg peak 
should be located. This was observed in all metals tested 
[10–14] and also this time for semimetal in Bi.

The question arises whether processes at the atomic scale 
or in global processes induce stress, such as an increase in 
temperature when the current with ions hits the target. Thermal 
lattice expansion can be responsible for tensile stress. Nev-
ertheless, an increase in temperature enhances the migration 
of defects, their coalescence, rearrangement or annealing and 
finally reduces stress. It can be taken into account that stress 
can also be accompanied by ionization, causing the local melt-
ing of the material according to the thermal spike model. It 
locally expands the crystalline lattice and plastically deforms 
the region also outside the spike. It can be dynamic stress, 
which works only in a very short time of a few ns or less, but 
it is enough to leave a lot of defects.

Ion implantation is used in doping technology for the pro-
duction of flat devices mainly for electronics [32]. The fact 
that this implantation leads to radiation damage, i.e., defects’ 
generation, can counteract the desired effect of doping. In 
addition, according to this study, defects may also be gener-
ated outside IL, this may affect the substrate or other structures 
below. In particular, it can affect the electrical resistivity that 
is sensitive to the presence of defects at the atomic scale and 
can be modified due to this effect. The use of a high dose may 
enhance this effect. This can be important when the implanta-
tion takes place in a multilayer system, because implanting 
ions into the top layer can generate defects and modify proper-
ties in other layers below if they exist.

5  Conclusions

The measurement of the depth distribution of the posi-
tron lifetime in pure Bi irradiated with swift  Xe26+ ions of 
167 MeV revealed that ions induce open volume defects not 
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tion of the positron incident energy for Bi samples irradiated with 
 Xe26+ ions with three different doses. The top axis represents the 
mean positron implantation depth



 J. Dryzek, K. Siemek 

1 3

85 Page 8 of 10

only in the implantation layer, but also beyond this layer at 
depths exceeding the projectile range. For the highest dose 
it is about 28 µm, whereas the projectile range obtained 
from the SRIM/TRIM simulations is only about 13.2 µm. 
The total thickness of the damage layer increases with dose 
increase. In damaged layers, clusters which consist of eight 
or more vacancies are generated defects, according to ab ini-
tio calculations of a positron lifetime in vacancy clusters 
performed for Bi. Also near the entrance surface region with 
defects induced by implantation is clearly visible. It suggests 
that not only inelastic nuclear collision cascades, but ioniza-
tion and excitation of electrons also induce defect genera-
tion. We suggested that the occurrence of the tensile stress, 
results from, for instance, thermal expansion and/or swelling 
may be responsible for the long range of defect distribution.

Due to low range of induced defects in comparison to the 
positron implantation range, two approaches for reconstruct-
ing the real mean positron depth of life were proposed. In the 
first approach, the reconstruction was done using only the 
measured values. Despite the low accuracy, it can be help-
ful in detecting the actual defect distribution. In the second 
approach, the proposed depth profile after convolution with 
positron implantation profile was fitted to the experimental 
data. A step-like function, as a proposed profile, is able to 
describe the experiment results in a satisfactory manner.
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Appendix 1

After emission from the nucleus, the positron has enough 
energy to penetrate a certain region before it slows down to 
thermal energy and finally annihilates. The depth distribu-
tion of thermalized positrons called the implantation profile: 
p(x), where x is the depth from the positron source, causes 
that the measured value of the positron mean lifetime, which 
characterizes the local properties of the sample, is averaged 
over this profile. For the case when the sample is etched and 
the layer of thickness z is removed, the following integral 
equation links both: the actual: 𝜏(x) and the measured 𝜏m(z) 
value of the mean positron lifetime as follows:

When that implantation profile is expressed as the expo-
nential decay function with the linear absorption coefficient 
µ:

the solution of Eq. (4) is as follows:

Thus, the measured mean positron lifetime reconsti-
tutes its actual value minus the gradient correction term. 
Examples of typical relationships of 𝜏(z) and according to 
Eq. (4) corresponding them 𝜏m(z) is presented in Fig. 5. 
The examples were chosen for a possible depth distribu-
tion of defects in the implanted layer and thus possible 
𝜏(z) dependencies. In all cases, except Fig. 5d, 𝜏m(z) (solid 
lines) decreases with increasing depth to the thickness of 

(4)𝜏m(z) =

∞

∫
z

p(x − z)𝜏(x)dx.

(5)p(x) = � exp (−�x),

(6)𝜏(z) = 𝜏m(z) −
1

𝜇

d𝜏m(z)

dz
.

Fig. 5  The examples of typical expected local depth dependencies 
of: 𝜏(x) (dashed line). In a it is a step function, b, e two steps func-
tion, c linear descending function, d linear increasing function and 

according Eq. (4) corresponding them τm(z) dependencies (solid line), 
assuming μ = 1000  cm−1

http://creativecommons.org/licenses/by/4.0/
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the implanted layer, here 13 µm, but the decreases reflect 
the type of dependence assumed.

In an experiment, only limited number of values of 
𝜏m(z) are available at different depths, so Eq. (6) is difficult 
to apply to obtain the actual mean positron value at certain 
depths. However, it may be useful in its approximation 
form, as follows:

Thus having values of 𝜏m measured at the depth z and 
z = z + Δz , one can determine the average values of the 
mean positron lifetime in the layer at the depth between z 
and z + Δz . For Δz → 0 this value tends to the local mean 
positron lifetime at a depth z, Eq. (6). In this equation w 
represents the fraction of positrons which annihilate in 
the layer at the depth between z = 0 and z = Δz , note that 
for small value of Δz , and taking into account Eq. (5), 
it can be is expressed as follows: w ≈ �Δz . Δz can be 
equal to the thickness of the etched layer of about 2 µm 
in our experiment, however it can be too small to obtain 
⟨𝜏(z ∶ z + Δz)⟩ with satisfactory accuracy. Note that the 
accuracy of this value depends on the inverse of w value, 
which is much less than unity, in addition, this value is 
very sensitive to the depth measurement accuracy. Con-
sidering a larger thickness, for example 5 µm or more, it 
is good to determine the positron fraction in such a layer 
using, for instance the LYS-1 code [25, 26]. This code 
allows the determination of the fraction of positrons emit-
ted from 22Na and 68Ge\68Ga in a stack of layers with dif-
ferent thicknesses.

Reconstruction can also be performed using the follow-
ing equation:

In this case, we must use the measured value of the 
mean positron lifetime at depth z, i.e., 𝜏m(z) , and local 
values in the deeper layers: ⟨𝜏(z + (i − 1)Δz ∶ z + iΔz)⟩ , 
i = 1,2…, These values can be determined earlier, starting 
reconstruction from the deepest layer and following in the 
direction of the entrance surface. However, the uncertainty 
will be reproduced at every stage.

Appendix 2

There is a relationship between the number of vacancies 
in the cluster and the lifetime of positrons trapped there. 
That is in metals and other materials. This relationship has 
been determined using ab  initio theoretical calculations 

(7)⟨𝜏(z ∶ z + Δz)⟩ ≃ 𝜏m(z + Δz) −
𝜏m(z + Δz) − 𝜏m(z)

w
.

(8)

⟨𝜏(z ∶ z + Δz)⟩ ≃
𝜏m(z)

w
+
�

i=1

e−iw⟨𝜏(z + iΔz ∶ z + (i + 1)Δz)⟩.

but is accepted by the experimentalists. For Bi numerical 
calculations were carried out using the PAW formalism as 
implemented in ABINIT v 8.4.4 for the purpose of this paper 
[33, 34]. PAW potential for Bi was chosen from the avail-
able in the pseudopotential repository [35, 36]. We used Per-
dew–Burke–Ernzerhof (PBE) potentials generated using the 
Vanderbilt pseudopotential generation code. K-point space 
was sampled by 2 × 2 × 2 Monkhorst–Pack (MP) set, which 
corresponds to 4 k-points [37]. The positron lifetime compu-
tations were performed on 54 atoms Bi supercell. A specific 
supercell was constructed to introduce Bi vacancy around 
the central atom. For the calculations, the enhancement fac-
tor from Boroński–Nieminen in the RPA limit parametri-
zation was used [38]. In Fig. 6 the positron lifetime as a 
function of the number of vacancies in a cluster is depicted. 
Similar dependency was obtained by other authors for other 
metals.
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