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Abstract
In a nuclear environment, a strong degradation of important properties is observed for many
materials which are otherwise very reliable. This is especially valid for silicon, the most
important semiconductor. In the presented paper, two examples for the study of lattice defects
in silicon by means of positron annihilation will be given. Firstly, the degradation of silicon
detectors used for the particle detection in high-luminosity collider experiments starts to limit
the lifetime of the whole experiment. An annealing experiment on n-irradiated Si will be
presented. Beside the destructive effect of high-radiation conditions, such radiation-induced
defects can have a beneficial result. This will be demonstrated for the creation of new
gettering zones by high-energy self-implantation of silicon.
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1. Introduction
Semiconductor devices are sometimes exposed to a high radiation surrounding, e.g. in a

nuclear environment or during space applications. Complex electronic systems rely in the
function of each component. Thus, the study of the degradation of certain components under
radiation conditions is crucial for the design of systems which can be operated in such an
environment.

High-energy particles and yrays create Frenkel pairs or even larger showers of point
defects. The nterstitials are often movable already below irradiation temperature, so open-
volume defects and defect complexes remain as a result of irradiation. Means of positron
annihilation are especially sensitive in the characterization of such vacancy-type defects [I].
The defect-related positron lifetime is a measure of the open volume, and the intensity of the
lifetime component allows the detennination of the defect density. Moreover, the Doppler-
broadening spectroscopy, especially the Doppler-coincidence spectroscopy provides
information about the chemical environment of the detected defect. Thus, positron

ihilati ique tool for irradiation-induced defects.
ann ion represent a uni

In this paper we will present two recent examples of the application of this technique. In
Chapter 2 we will show as an destructive example of radiation defects an annealing study of
defects created during n-irradiation of Si. Damage by high-energy hadrons is typical for Si
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particle detectors in high-luminosity collider experiments, such as ATLAS 2]. Especially in
the planned very high-luminosity collider experiments, like TESLA 3], the degradation of the
detector might limit the lifetime of the experiment. Thus, there is strong demand for radiation-
resistive detector materials.

In Chapter 3 we will present an example for the beneficial use of radiation defects
(defect engineering). Si shows after high-energy self-implantation and subsequent annealing
the appearance of two additional getter zones at Rp and RpI2 (Rp ... pr 'ected range of
implanted ion). Here, diffusing impurities such as Fe or Cu are captured, and the area for
devices at the surface is protected.

2. Annealing study on n-irradiated Si
FZ silicon with original resistivity of 3 kQcm and a carbon and oxygen content of about

1015 CM-3 was irradiated with I MeV neutrons to a dose of 5x1 016 CM-2 . The sample was kept
cold until the isochronal annealing experiment was performed. The sample was annealed in
steps of 5 K for 15 min.

After irradiation and before the first annealing step, the average lifetime increased
distinctly to about 278 ps at 20 K. (The reference level of defect-free Si is 218 ps). There is a
distinct temperature dependence on the positron trapping (for details see Ref. 4]). At the two
different measurement temperatures positron trapping is differently sensitive for different
defects (Fig. 1). This becomes obvious in the course of the annealing experiment. While at
low temperature almost nothing happens until 750 K annealing, at room temperature a distinct
recovery step is already observed after the first annealing at 625 K. From the decomposition
of the lifetime spectra 2 = 290 ps at room temperature, and T2 = 320 ps at low temperatures)
it can be concluded that at room temperature positron trapping to divacancies dominate, and
at lower temperature a thermally more stable defect with a larger open volume is detected.

I I I I Divacancy annealing is known to happen
280 - Fz Si n-irradiate around 50 K 5] in agreement with our_N____F observation.

From a theoretical consideration of
different small vacancy clusters in Si by Staab

In 270 -

d) at al. 6 we can conclude that vacancy
E

2600 aggregates containing 3 or 4 vacancies are
2- Measurement temperature
C 0 300 K observed. They anneal around 800 K. A
0 250 - 20K similar annealing stage was found in a

correlated PL study using a part of the same0
CL 240 - sample. The 13/X line at about 103 eV also

disappears in this temperature range,
indicating that it might be linked to a multi-

> 230 -
vacancy defect 4].

In an ongoing study we are now testing
220 - by combined positron and electrical measure-

ments, whether the observed vacancy-type
210 for the degradation of0 600 650 700 750 800 850 900 defects are response I

Annealing temperature (K) the electrical properties of Si particle
detectors under high luminosity conditions.

Fig. 1: Annealing experiment of n-irradiated Si (I For this purpose isothermal annealings will be
MeV, 5xlO" CM-2). After annealing for 15min, the performed in order to compare the kinetics of
positron lifetime measurement was carried out 20 K the defect annealing observed in both
and 300 K, respectively. techniques.
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3. Study of getter zones in Si induced by high-energy self-implantation
In another experiment the so-called RpI2 effect was studied. After high-energy self-

implantation of Si 35 MeV, 1015 CM-2 ) and subsequent annealing 30 s at 900'C) two
gettering zones appear at Rp and at about R.12 which capture diffusing metallic impurities.
These gettering zones can be seen after intentional Cu contamination of the sample in a SIMS

measurement at a depths of 17
positron and 28 pm. The defects were

in ic robe a in
1: 8 kev identified to be interstitial-type

scan diiection dislocation loops at R and small
,defect depth vacancy clusters at RpI2 ([7, 8 91

ateial esolulion and references therein). The latter
I ... 2 pni result was confirmed in a slow-

positron beam experiment for
depth-resolution-improved defect
profiling. A scan using a positron
microbeam along a low-angle
wedge through the defect layers
of the implanted and annealed

-Thulk sample was applied (Fig. 2.
scan idth

Fig. 2: Scheme of the depth Profile measurement performed with the Such an experiment was per-
Munich Scanning Positron Microscope using a wedge-shaped sample.f ed using the Munich
The defect depth profile can be obtained from the positron lifetime Scanning Positron Microscope
spectra measured whcn the beam scans along the wedge. At a wedge ositron energy keV) on a
angle of 06' a IO pm deep profile corresponds to a distance of I mm. (p

beveled sample 9 45 positron
lifetime measurements each separated by I I pm were performed on a wedge of 0. 8 1 angle.
This gives a depth separation of 155 rim between two measurements. The accuracy of the
depth profile is obvious (Fig. 3 From the defect-related lifetime 'C2 it was concluded that
small vacancy clusters (n I are found in the R,,12 region, while defects with a smaller open
volume, of the order of a divacancy, are found in the R zone [8].

Although the wedge was produced by mechanical polishing, the layer of grinding defects
does not affect the defect identification at a depth of about 400 nm (mean positron
implantation depth). This was checked by comparing a Si sample which was polished
completely (no wedge) with an untreated Si reference. The surface annihilation parameters
were altered, but the positron difftision length was found to be L = 220 ± 5) run for both
samples. The same result was found for a sputtered sample after a surface removal of 250 am.
Only the surface parameter was changed, while L was similar to a reference sample [IO].

4. Summary
Positron annihilation spectroscopy is a useful method for the identification and

quantification of defects in materials exposed to high radiation in a nuclear environment. The
method is especially sensitive for small open-volume defects such as vacancies and small
vacancy clusters. Very detailed defect depth profiles can be obtained using a slow positron
beam when the sample surface is removed stepwise to ensure optimum depth resolution. The
removal can be done by ion sputtering or chemical etching. Another possibility is to prepare a
beveled sample with a low-angle wedge through the defect-fich layer and measure a scan with
a positron mcrobeam along the wedge. This method has the advantage that very deep defect
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0 1 2 3 4 5 6 profiles can easily be studied with a
0,8 I I I constant depth resolution. It was

fraction of
10,6 trapped positrons shown for both methods for the case

of silicon that the surface defect
layer created during sputtering and
during wedge polishing is small

450 - defect-related
lifetime enough not to affect the detection of

400 c ids� the defects under investigation.co
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5 -2Fig. 3 Defect depth profile of a self-implanted Si sample 3.5 MeV, 5xlO' CM annealed 30 at
900'C, Cu contaminated) obtained using the Munich Scanning Positron Microscope. The sample
surface was wedge-shaped polished. The profile was then taken as a line scan along the wedge with
constant positron energy of keV. Each positron lifetime measurement is separated by I I PM
corresponding to a depth difference of 155 nm. The depth scale was calculated with the wedge angle
of 0.8 1 , and the mean positron implantation depth of 400 nm was added.
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