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Abstract. Studies of irradiation-induced defects have been carried out on silicon single-crystal
samples, irradiated with 140 keV argon ions to doses in the range 5×1014 to 5×1016 cm−2, using
a variable-low-energy positron beam, Raman spectroscopy and ion channelling. The Doppler
broadening lineshapeS-parameter has been found to exhibit a peak as a function of the positron
beam energyEp and a subsequent saturation behaviour for all irradiated samples. The peak damage
occurs at a depth of 100 nm, consistent with TRIM code calculations. The measuredS–Ep curves
are analysed using a positron diffusion model to obtain the depth profile of positron-trapping defects.
The behaviour of theS–W correlation plots and the variation of theR-parameter indicate that the
nature of the open-volume defects is independent of the dose and the dominant defects are vacancy
clusters larger than divacancies. Raman spectroscopic studies indicate that all of the irradiated
samples are amorphized, and the degree of residual crystallinity across the irradiated zone of the
sample is obtained. Ion-channelling studies carried out on the samples have yielded thicknesses
of the amorphized layer which are consistent with positron beam results. In contrast to the TRIM
code calculations, the present results show the presence of defects at depths far beyond the Ar-ion
range. The results of the positron beam, Raman and ion-channelling studies are discussed in the
context of ion-induced defects and amorphization.

1. Introduction

The study of ion-beam-induced defects and amorphization in semiconductors has been a subject
of both basic and technological interest for a long time [1–3]. Ion beams are particularly
useful because by varying the beam energy and its dose, selected depths of the sample can
be made disordered or even amorphized [4]. Beyond a critical threshold dose, the implanted
layer of the semiconductor crystal is found to turn amorphous, which is understood on the
basis of critical defect density (disorder) models of amorphization [5]. Theoretical estimates
of the damage profiles have also been made using TRIM code calculations [6] and refined
Monte Carlo simulations [7]. In irradiated Si, prior to its amorphization, the divacancies have
been found to be the dominant defects [8, 9]. The characterization of defects and disorder
in ion-irradiated semiconductors is done using a variety of techniques, such as deep-level
transient spectroscopy (DLTS), optical absorption, positron annihilation, Rutherford back
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scattering (RBS) and channelling as well as transmission electron microscopy (TEM). Different
techniques are sensitive to different types of defect or probe different aspects of the defects.
For example, positrons are sensitive to vacancy-like defects in the fractional concentration
range 10−7 to 10−4, while ion channelling is more sensitive to the interstitial type of defect.
On the other hand, the degree of disorder arising due to the snapping of the covalent bonds can
be readily quantified using Raman spectroscopy.

Early studies on self-ion irradiation in Si had focused on the estimation of divacancy
concentration and the recrystallization during annealing [10]. Recent studies show preferential
amorphization in regions with high dislocation density [11]. There have also been positron
annihilation studies using different ions such as H [12], F [13], B [14], O [15] and Co [16].
Implantation with heterovalent ions invariably leads to significant doping and consequent
changes in electronic properties. Formation of compounds with Si (silicides) due to the dopants
has also been reported [16]. There has not been any study using heavy inert-gas ions. Ions
heavier than the host atom are known to produce considerably more damage, consisting of
bigger defect complexes, as compared to lighter ions. Furthermore, many of the above studies
have used only one probe and hence could extract only limited information, focusing only on
one aspect of defect formation or annealing. In the present study we use a combination of a
low-energy positron beam, ion channelling and Raman spectroscopy to investigate the damage
produced by Ar ions in silicon single crystals. In order to produce the damage close to the
surface, an energy of 140 keV of the argon ions is chosen. As argon is an inert-gas atom, it
is not expected to participate in bonding, and affects the electronic structure of the host only
marginally. From the quantitative analysis of the complementary information obtained from
these techniques, namely depth-resolved defect parameters from positron annihilation, degree
of crystallinity across the sample from Raman spectroscopy and thickness of amorphized layers
from ion channelling, we were able to obtain the amorphization/defect profiles through the
depth as well as across the irradiated zone of the sample. The critical dose for amorphization
obtained in the present studies is also compared with that reported from studies using self-ion
irradiation.

2. Experimental details

Single-crystalline Si(111) samples of thickness 0.5 mm are cleaned in a 1:1 solution of hydro-
fluoric acid and demineralized water. These have been irradiated at room temperature with
140 keV argon ions to doses of 5× 1014, 9× 1014, 5× 1015 and 5× 1016 cm−2 using a
150 kV ion implanter. By using a beam collimator, a sample area about∼8 mm in diameter
is uniformly irradiated. The samples are mounted on a Cu block of large thermal mass, and
low beam currents (<0.5µA) are used for the irradiation. There has not been any appreciable
sample heating due to irradiation, owing to the low energy and small beam currents used. A
precision current integrator connected to the sample holder is used to obtain the total charge
on the sample and in turn the total dose of irradiation. No chemical characterization of the
samples as regards surface impurities was carried out after the irradiation. The samples were
only cleaned in acetone prior to the experiments. TRIM code [6] calculations have indicated
the mean Ar-ion range to be about 175 nm, while the ion-beam-induced damage peaks at
around a depth of about 110 nm.

Measurements with variable-low-energy positron beams (LEPB) are carried out on
virgin and irradiated Si samples at room temperature using a compact, UHV-compatible and
magnetically guided system described earlier [17]. In these experiments, positrons of tunable
energy (0–25 keV) are implanted into the sample under study. The implanted positrons become
thermalized at around the mean implantation depth, which is determined by the positron beam
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energy. Thermalized positrons have a high probability for capture and annihilation at open-
volume defects [18, 19]. By measuring the annihilation characteristics in terms of the Doppler
broadening of the annihilation 511 keVγ -ray energy, information pertaining to the defects
can be obtained. In view of the variable nature of the positron energy, the depth distribution
of the defects can be deduced from these experiments. Measurements have been carried out
using a slow-positron beam intensity of 4×104 e+ s−1. The positron beam energyEp is varied
from 200 eV to 20 keV in incremental steps so as to probe various sample depths. The mean
implantation depth of the positrons,z (nm), is related to the positron beam energyEp (keV)
through the relation [19]

z = 40E1.6
p /ρ (1)

whereρ is the density of the sample in g cm−3. The Doppler broadening of the annihilation
511 keVγ -ray energy is monitored using a 25%-efficient HPGe germanium detector. The
detector is positioned perpendicular to the beam line, and the sample-to-detector separation is
about 3 cm. All of the spectra are recorded in the same geometry. A lineshapeS-parameter
[18, 19], which represents the valence electron annihilation events, is defined as the ratio of
the total counts for the energy windows 510.2–511.8 keV (the central-peak region) and 503–
519 keV (the photo-peak region). Similarly, the complementaryW -parameter, representing
the core-electron annihilation events, is defined as the normalized counts in the wing portions
of the Doppler broadening curve.

Raman spectroscopy is one of the established methods of semiconductor characterization
as regards determining the crystalline structure, disorder and amorphization [20]. The existence
of disordered or amorphized layers within its sensitive depth region of∼100 nm can be
established from these studies. Raman spectroscopic measurements on unirradiated and
irradiated samples have been carried out in the back-scattering geometry at room temperature.
The 514.5 nm line of an argon-ion laser is used to excite the Raman spectra. Scattered light
from the sample is analysed using a Spex double monochromator and detected using a cooled
photomultiplier tube operated in the photon-counting mode [21]. Scanning of the spectra and
data acquisition are carried out using a home-built microprocessor-based data-acquisition and
control system. Subsequent to the completion of a scan, data are transferred to a personal
computer for further analysis. In order to obtain spatially resolved information about the
damage profile in the irradiation zone, the laser beam is focused to 50µm. Raman spectra are
measured at close intervals by translating the sample perpendicular to the laser beam using a
precision translation stage.

Ion-channelling measurements have been carried out using 2 MeV He ions from a 3 MeV
Pelletron accelerator at the Institute of Physics, Bhubaneswar. These investigations have been
done on Si samples irradiated with 5×1014, 9×1014 and 5×1016 Ar cm−2 at room temperature.
The energy spectrum of the back-scattered He ions has been monitored using a surface barrier
detector kept at 150◦ with respect to the incoming alpha beam. The measurements have been
made on the unirradiated portion as well as the irradiated portions of the samples, and the spectra
have been normalized to the same charge. The aligned spectrum of the irradiated portion of the
samples is compared with the aligned and random spectra of the unirradiated sample so as to
bring out evidence for the existence of disorder or amorphization in the irradiated samples [22].

3. Results

3.1. Low-energy positron beam studies

The variation of the normalizedS-parameter as a function of the positron beam energyEp is
shown in figure 1 for unirradiated (reference) and irradiated Si samples [23] irradiated to doses
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Figure 1. The variation of the normalizedS-parameter as a function of the positron beam energy
Ep for unirradiated (reference) and irradiated Si(111) samples. The solid curves through the data
points are the results from a model analysis using the VEPFIT program. The depth scale probed
by the positron beam is indicated on the top axis.

of 5×1014, 9×1014, 5×1015 and 5×1016 Ar cm−2. The depth probed by the positron beam
corresponding toEp is indicated on the top axis. The solid curves through the data points
represent the results of the VEPFIT analysis [24] based on an assumed box profile for the
defect distribution, which will be discussed later. As compared with those for the reference
sample, the observed changes in theS–Ep curves for the irradiated samples can be summarized
as follows:

(a) TheS-parameter increases from the surface and shows a maximum at aroundEp ∼
3.5 keV, beyond which it gradually decreases and matches with that of the reference
sample.

(b) The height of theS–Ep curves progressively increases as the dose is increased and shows
saturation behaviour beyond 5× 1015 Ar cm−2.

(c) The widths of theS–Ep curves are smaller for the low-dose samples as compared to those
for high-dose samples.

These results can be explained as follows. The observed increase in theS-parameter as a
function ofEp indicates that the concentration of the positron-trapping defects increases as
the beam travels through the depth of the sample. The position of the maximumS-parameter
signifies the depth of the peak damage layers in the samples. As seen from figure 1, this is
found to be 100 nm, which compares favourably with 110 nm for the maximum of the vacancy
profile as calculated from the TRIM code [6]. The increase in the maximum value of the
S-parameter with increasing dose signifies that the total positron trapping rate in the irradiated
region is increasing. This could occur due to increase in either the concentration of the defects
or their size. The saturation behaviour of theS-parameter beyond the 5× 1015 Ar cm−2 dose
indicates that the ion-induced defect concentration is sufficiently large that saturation positron
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trapping is exhibited. The observed increase in the widths of theS–Ep curves indicates that
the spatial distribution of the irradiation-induced defects has broadened. These aspects are
discussed below in more detail.

The experimentalS–Ep curves have been analysed on the basis of the positron diffusion
model using the VEPFIT program [24]. In this model analysis, positrons may annihilate
with contributions from surface, epithermal, defect and bulk states. Hence, the measured
S-parameter at a givenEp can be expressed as

S(Ep) = fepSep + (1− fep){fsSs + fdSd + fbSb} (2)

whereSep, Ss , Sd andSb are the characteristicS-parameters corresponding to the epithermal,
surface, defect and bulk states respectively, whilefep, fs , fd andfb are the probabilities of
positron annihilation in these states respectively. For the case of the reference sample, i.e.,
the unirradiated sample, the term corresponding to the defect is not included, while for all
of the irradiated samples, it is included. Using the VEPFIT program, one could delineate
the annihilation parameters corresponding to various positron states and also deduce the depth
distribution of defects on the basis of a comparison of the fitted and experimentalS–Ep curves.
Sd for the irradiated samples, normalized with respect toSb for the unirradiated sample, as
obtained from VEPFIT analysis is shown in figure 2 as a function of the irradiation dose. As
can be seen from figure 2, theSd -value increases as the irradiation dose is increased and tends
to saturation. The saturation behaviour, beyond a dose of 5× 1015 Ar cm−2, indicates that all
of the positrons are trapped at defects, leading to saturation positron trapping.

Figure 2. The normalizedS-parameter corresponding to the defect layerSd versus the Ar-ion dose.

We now address the identification of defects in the irradiated samples. At the outset,
certain inferences can be drawn as regards the nature of the defects in the damaged layers by
comparing the values ofSd andSb. The resolved defect parameterSd for divacancies in Si is
reported [25] to have a value of 1.046(Sd = 1.046Sb). In the present positron beam studies,
we have observedSd -values in the region of 1.058 even for the lowest-dose sample, which
implies that the irradiation-induced defects are vacancy clusters bigger than divacancies. In
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recent studies [26], theR-parameter, defined as

R = (Sd − Sb)/(Wb −Wd) (3)

which is independent of the defect concentration, has been employed to identify the defects in
irradiated semiconductors. For the sample with a dose of 5×1014 Ar cm−2, we deduce a value
of 4.56±1.02 for theR-parameter and this remains unchanged for all other irradiated samples
within the experimental error. It may be mentioned that this is significantly larger than the
characteristic value of 1.8 reported for monovacancies in semiconductors [26]. This leads to
the inference that the size of the defect in the damaged layers of Si is larger than that of a single
vacancy or divacancy. Positron lifetime experiments, using a LINAC-based intense positron
beam [27], carried out on the high-dose sample have exhibited a typical lifetime value of 380 ps
in the peak damage regions [28]. This value is larger than the divacancy value(∼325 ps) and
smaller than the four-vacancy-cluster value(∼435 ps) [25]. On the basis of this, it is plausible
that the defect clusters are mostly trivacancy clusters. Apart from the resolvedS-parameter and
R-parameters, correlation plots ofS- andW -parameters [16, 26] have also been used recently
for identification of defects in semiconductors. In these plots, theW -parameter is plotted as a
function of theS-parameter with the positron beam energy being the implicit parameter. As the
positron probes progressively varying depths, the positron annihilates only at the surface and
bulk states (in the absence of defects). This results in an inverse linear relationship between the
W -parameter andS-parameter in anS–W correlation plot; i.e., as theW -parameter increases
(decreases), theS-parameter decreases (increases). The presence of defects would alter this
relationship and result in a curved plot. For example, the presence of native defects in GaAs is
reported to lead to a triangular plot [26]. The shape of the plot could also change according to
the nature of the defects. Thus, theS–W correlation plots are useful for obtaining information
about the existence and any change in the nature of defects. The experimentalS-parameter
data shown in figure 1 together with the complementaryW -parameter data have been used to
constructS–W correlation plots. Figure 3 shows these representative plots for the samples
irradiated with the lowest and the highest dose. Note that the samples exhibit similar triangular
plots, each with a vertex. This implies that the natures of the defects are the same in low- and

(a) (b)

Figure 3. S–W correlation plots for samples irradiated with doses of (a) 5× 1014 Ar cm−2 and
(b) 5× 1016 Ar cm−2. In these plots, the positron beam energyEp is the variable and implicit
parameter.
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high-dose samples. Thus, theS–W correlation plots reveal that the natures of the positron-
trapping defects in all of the irradiated samples are similar. On the basis of the observed values
of the normalizedS- andR-parameters, these defects seem to be bigger than divacancies and
are likely to be trivacancy clusters.

We discuss here the possibility of the implanted Ar ions clustering with irradiation-induced
vacancies to give rise to Ar bubbles, which could be acting as positron-trapping defects in the
irradiated samples. As is evident from the TRIM code calculations, the mean stopping range
of 140 keV Ar ions in Si is about 175 nm. If Ar bubbles were to have formed, these could be
expected to be present only at greater depths in the sample of around 175 nm and not from the
sample surface downwards. As is evident from the experimentalS–Ep curves, the presence
of the defects is observed right from the sample surface, peaking at a depth of about 100 nm
and progressing further to greater depths. Therefore, the present experimental observations
cannot be explained on the basis of the formation of Ar bubbles, even though their occurrence
cannot be ruled out.

We discuss now the defect distribution in the damaged layers. As mentioned earlier, the
experimentalS–Ep curves shown in figure 1 have been fitted using positron diffusional model
analysis, wherein a defect profile of some assumed width has been taken to be a box profile
for the sake of simplicity. The width of the box profile is varied so as to obtain a best fit to the
experimental data. The defect concentration profiles that have been deduced from the fitting
are shown in figure 4. The widths of these defect-containing layers are found to be 250, 325,
500 and 525 nm (with an error bar of±50 nm) for the samples irradiated to doses of 5× 1014,
9× 1014, 5× 1015 and 5× 1016 Ar cm−2 respectively. The error bar is typical for positron
diffusion lengths in defect-containing layers. The deeper damage seen at higher irradiation
doses is consistent with earlier observations [3]. For the lowest-dose sample, the estimated
width of the defect profile is 250 nm, which matches well with that from the TRIM code [6],

Figure 4. The box profile of the defects used in the VEPFIT program for fitting the experimental
data shown in figure 1. Curves a, b, c and d correspond to Ar doses of 5×1014, 9×1014, 5×1015

and 5× 1016 Ar cm−2, respectively.
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which gives a value of 260 nm. However, the depth range over which the defects are found to
be present in the higher-dose samples is much larger than the value calculated using the TRIM
code. This discrepancy may possibly be due to the following facts:

(a) The TRIM code, which is basically a zero-temperature calculation for an amorphous host
matrix, does not take into account the mobility and clustering of defects as well as the
channelling effects of ions during the irradiation. It is known that at room temperature,
monovacancies are mobile which could diffuse deeper and cluster, thereby leading to the
spreading of the damage to much deeper layers.

(b) Positron annihilation techniques are sensitive to the fractional defect concentration down
to 10−7 and thus could pick up the presence of the diffused defects in the deeper layers.
There have been earlier reports [13] wherein the presence of defects is detected far beyond
the depths calculated by the TRIM code.

Finally, it should be pointed out that the positron beam experiments cannot reveal whether
the irradiated samples are disordered crystalline or amorphous. Furthermore, the positron
beam diameter used in the present experiments is comparable to that of the irradiation zone of
the samples. Hence, the lateral distribution of defects across the irradiated zone of the samples
also could not be determined. These aspects are discussed below.

3.2. Raman spectroscopic studies

Raman spectroscopic measurements have been carried out on the unirradiated and irradiated Si
samples [29]. In order to obtain spatially resolved information about the defects and disorder
across the irradiated zone, Raman measurements are carried out with the laser beam focused
down to 50µm. Figure 5 shows the Raman spectra for the unirradiated Si and Si irradiated
to a dose of 5× 1015 Ar cm−2. The sharp peak seen in the spectra at around 520 cm−1

for the unirradiated sample shown in figure 5(a) corresponds to the transverse optic (TO)
phonon of crystalline Si. As a result of the irradiation, the Si–Si bonds break and disorder
sets in in the matrix. This leads to a reduction in the intensity of the crystalline peak. In
addition, a broad band appears, centred at around 480 cm−1. This represents the phonon

Figure 5. Raman spectra for (a) an unirradiated (reference)
Si sample, (b) the edge of the irradiated zone and (c) the
central portion of the irradiated zone corresponding to a
sample irradiated with 5× 1015 Ar cm−2. Spectra (b)
and (c) are vertically displaced for the sake of clarity. The
magnifications used are indicated.
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density of states, which becomes observable in the Raman spectra due to the relaxation of the
zero-scattering-vector selection rule for a disordered system. However, when the irradiation-
induced defect concentration is sufficiently large, the crystalline structure is no longer stable
and becomes amorphous. This leads to the complete disappearance of the crystalline peak
and this can be considered as a signature of complete amorphization of the implanted layers.
Figure 5(b) corresponds to the Raman spectrum taken towards the edge of the irradiated zone.
As compared to the intensity of the unirradiated region, the intensity of the crystalline peak is
considerably lower and is accompanied by a weak broad maximum at 480 cm−1. This suggests
that towards the edge of the irradiated region, the sample exhibits only partially amorphization,
coexisting with a disordered crystalline matrix. On the other hand, the Raman spectrum, shown
in figure 5(c), taken in the central region of the irradiated zone now contains only the broad
band, which indicates that the sample is completely amorphous. The inhomogeneous damage
distribution inferred from Raman measurements—namely the central irradiation zone being
completely amorphous while the edges have partial crystallinity—may arise from the spatially
inhomogeneous profile of the 140 keV argon-ion beam used for the irradiation. In view of the
large size of the ion beam (∼8 mm diameter) used for the irradiation, it is possible that there
is spatial variation of the flux across the diameter of the irradiated zone. In order to quantify
this, the focused laser spot has been scanned across the diameter of the irradiated zone and the
Raman spectra have been recorded at close intervals. The measured spectra are least-squares
fitted to a Lorentzian lineshape for the 520 cm−1 TO phonon peak and the 480 cm−1 broad
band, along with a suitable background. The area under the 520 cm−1 peak, when normalized
to that of the unirradiated region, is taken as a measure of the residual crystallinity of the
sample. The residual crystallinity thus obtained is shown in figure 6 as a function of the lateral
position in the irradiated zone for the sample irradiated with a dose of 5× 1014 Ar cm−2.
In the central portion of the irradiated zone, the sample is completely amorphized. Due to

Figure 6. Residual crystallinity (%) as a function of lateral position in the irradiated zone(∼8 mm)
for samples irradiated with 5× 1014 Ar cm−2 (open circles) and 5× 1013 Ar cm−2 (filled circles).
The variation of the intensity of the 520 cm−1 crystalline peak has been used to obtain this plot.
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the non-uniform irradiation conditions, a varying degree of crystallinity is seen only at the
edges. Similar features were observed for all other irradiated samples. As the lowest dose,
i.e., 5× 1014 Ar cm−2, gives rise to complete amorphization, in order to obtain the critical
dose for amorphization, irradiation at a dose lower than this was also carried out. Due to
experimental difficulties, only Raman spectroscopic measurements could be carried out on
this sample irradiated with 5× 1013 Ar cm−2. Figure 6 also shows the residual crystallinity
profile for this sample. Note that the degree of residual crystallinity is about 50%, suggesting
that the critical dose for amorphization of Si with Ar ions is of the order of 5× 1013 Ar cm−2.
This is significantly lower than the critical dose of 2×1015 cm−2 for the MeV self-ion irradiation
in Si. In view of the heavier mass of the Ar ion, which produces more extensive damage, the
lowering of the threshold dose is understandable. It should be emphasized that Raman studies
would only reveal the existence of either disordered or amorphized layers of the samples within
the skin depth of the laser wavelength in Si, which is about 100 nm. Thus, information as
regards the width of the amorphized layers cannot be obtained by this technique.

3.3. Ion-channelling studies

In order to obtain independent evidence of amorphization and an estimate of the widths of the
amorphized layers, ion-channelling studies [30] have been carried out on the same irradiated
samples. Figure 7 shows the back-scattered yield as a function of channel number for Si
samples irradiated to doses of 5× 1014, 9× 1014 and 5× 1016 Ar cm−2. The aligned and
random spectra of unirradiated Si are also shown. In ion-channelling experiments, the presence

Figure 7. Back-scattered yield versus channel number deduced from ion-channelling studies for
virgin Si in aligned (closed circles) and random (open circles) configurations and for samples
irradiated to 5× 1014 Ar cm−2 (stars), 9× 1014 Ar cm−2 (triangles) and 5× 1016 Ar cm−2

(diamonds). The sharp peak seen in the aligned spectrum of the virgin sample, around channel
number 500, corresponds to the surface peak. The small peak seen in the high-dose sample spectrum
around channel number 575 corresponds to Ar.



Study of argon-irradiation-induced defects in silicon 5885

of a disordered region is manifested in the spectra as an increase in the yield over a certain
energy range, which corresponds to the thickness of the disordered region. The disorder present
in the crystalline matrix will exhibit a yield in between the random and aligned yields. On
the other hand, when the layer under consideration is amorphous, the measured yield matches
the random yield [22]. An examination of the spectra in figure 7 shows that even the sample
irradiated with the lowest dose contains an amorphous layer, since the corresponding back-
scattered yield (channel numbers from 475 to 510) matches the random yield. Furthermore,
all of the samples are amorphized from the surface to a certain depth, depending on the dose.
The thickness of the amorphous layer can be estimated from the width of the channelling curve
from the calculations of the stopping power and energy loss of He ions in the Si matrix [22,
30]. The amorphous layer thickness is found to be 180± 20 nm for the two low-dose samples
and 320± 20 nm for the high-dose sample.

4. Discussion

Positron beam studies have indicated the presence of open-volume defect clusters in all of the
irradiated samples and the natures of these defects are found to be similar. Raman spectroscopic
and ion-channelling studies have given evidence that these samples are amorphous. Thus,
these defects, which act as positron-trapping centres, can be ascribed to the average ‘open-
volumeness’ present in the ion-beam-induced amorphized state of Si. On the basis of the
experimentalS-parameter andR-parameter values, the average size of this ‘open-volumeness’
is found to be larger than that for divacancies. Furthermore, the increase in theS-parameter
upon increasing the irradiation dose could be ascribed to the increase in the amorphous fraction,
which enhances the total positron trapping rate at the defect clusters. The saturation behaviour
observed for theS-parameter beyond the dose of 5× 1015 Ar cm−2 occurred because the
fractional concentration of these positron-trapping centres had increased beyond 10−4, at which
concentration all of the positrons are trapped at defect clusters.

As regards the estimation of the widths of the defect-containing or amorphous layer in
the irradiated samples, for the lowest-dose sample, the estimates derived using the positron
beam(250± 50 nm) and ion channelling(180± 20 nm) are comparable with those from
the TRIM code calculations(∼260 nm). On the other hand, for the high-dose sample with
5× 1016 Ar cm−2, the width of the amorphous layer deduced from the channelling studies
is∼320 nm, while the defect profile deduced using positrons indicates the presence of open-
volume defects to a depth of∼525 nm. As discussed earlier, the TRIM code has certain
limitations as regards estimating the defect profiles for the high-dose samples. The difference
between the positron beam and channelling estimates may be attributed to the fact that the
concentration of vacancies at greater depths tails off to low values of the order of a few ppm,
which is below the detection limit of the ion-channelling technique. On the other hand, the
positron annihilation technique has a higher sensitivity for the detection of open-volume defect
concentrations in the sample as compared to that of the ion-channelling technique. Thus,
positron beam studies have indicated the presence of open-volume defects to much greater
depths as compared to channelling studies.

5. Summary and conclusions

The argon-ion-irradiation-induced defects and amorphization of Si samples have been
investigated using a low-energy positron beam, Raman spectroscopy and ion channelling. In
view of their sensitivity to and selectivity as regards open-volume defects and their depth-
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resolved nature, positron beam studies have provided vacancy-specific information as a
function of depth for the irradiated samples. The depth of the peak damage region found
from the positronS–Ep curves is in agreement with the calculations with the TRIM code. The
experimentalS-parameter is analysed in terms of the positron diffusion model to deduce the
defect profile in the samples. TheS–W correlation plots have revealed that the natures of the
positron-trapping defects in all of the irradiated samples are the same. These defects are inferred
to be vacancy clusters which are larger than divacancies. The near-surface layers are found to
be amorphized. The evidence for amorphization has been found from Raman spectroscopic
studies, which show that all of the samples with doses above 5×1014 Ar cm−2 are amorphized.
The critical dose for amorphization is found to be of the order of 5×1013 Ar cm−2. The widths
of the amorphized layers in these samples has been found from the ion-channelling studies,
which gave corroborative evidence for the amorphization in the samples. Furthermore, the
width of the amorphized layer for the low-dose sample, deduced from the channelling studies,
is consistent with the defect profile obtained from the positron beam experiments. For the
high-dose samples, positron beam studies have indicated the existence of vacancy-type defects
at depths beyond that of the amorphized layer deduced from the channelling studies.
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