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Abstract

The annealing of interstitial carbon Ci after 7-10 MeV and 23 GeV proton irradi-
ations at room temperature in high resistivity n-type silicon is investigated. Deep
level transient spectroscopy is used to determine the defect parameters. The anneal-
ing characteristics of the impurity defects Ci, CiCs, CiOi and V Oi suggest that the
mobile Ci atoms are also captured at divacancy V V sites at the cluster peripheries
and not only at Cs and Oi sites in the silicon bulk. The deviation of the electrical
filling characteristic of Ci from the characteristic of a homogeneously distributed
defect can be explained by an aggregation of Ci atoms in the environment of the
clusters. The capture rate of electrons into defects located in the cluster environ-
ment is reduced due to a positive space charge region surrounding the negatively
charged cluster core. The optical filling characteristic of Ci suggests that the change
of the triangle shaped electric field distribution in a reverse biased p+n junction due
to charged clusters is negligible.
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1 Introduction

Recent experimental studies have shown oxygen enriched silicon detectors to
be more radiation harder in charged particle environments compared to sili-
con detectors processed on standard FZ silicon [1]. A simulation of the defect
kinetics during 60Co γ-photon irradiation is feasible [2]. It is demonstrated the
generation of the radiation-induced defects to depend on the oxygen and car-
bon concentrations. The hypothetical deep acceptor defect V2O is employed
to explain the different radiation tolerances of various silicon materials. The
simple model predicts well the radiation hardness of oxygen-rich silicon and
the deteriorate effect of carbon on the radiation hardness [3]. However, the
simulation of the radiation damage during 60Co γ-photon irradiation is more
readily accomplished, since only single displacements of silicon atoms occur
and the point defects are distributed homogeneously in the sample volume,
while after particle irradiation in addition dense displacement regions are cre-
ated [4]. The cluster damage affects the properties of silicon detectors, but it
is independent on the impurity content. Thus, only after charged particle irra-
diations the beneficial effect of oxygen on the radiation hardness is revealed,
since the generation of single displacements is higher for charged particles than
for neutrons due to Coulomb scattering. Furthermore, it is suggested the clus-
ter damage to influence the defect kinetic of the point defects, e.g. the build
up of an impurity-defect shell around the clusters [5,6]. The DLTS method is
applied to study the microscopic properties of the radiation-induced defects
after low and high energy proton irradiations in more detail [7].

2 Experimental Procedures

One sample of 4kΩcm n-type FZ silicon was irradiated with 23 GeV protons
and four samples of 2kΩcm n-type FZ silicon with 7-10 MeV protons. The
equivalent fluence of the 23 GeV proton irradiation is Φeq = 1011 cm−2 and
the particle fluence of the 7-10 MeV proton irradiations is Φp = 5 · 1010 cm−2.
The impurity content in the 23 GeV proton irradiated sample is [P] = 1.7·1012

cm−3, [O] = 9.0 · 1015 cm−3 and [C] = 6.2 · 1015 cm−3 and in the 7-10 MeV
proton irradiated samples [P] = 2.3 · 1012 cm−3, [O] = 9.0 · 1015 cm−3 and [C]
< 3.0 ·1015 cm−3. Simple p+-n-n+ structures with a guard ring were employed.
The area of the p+ region is 5x5 mm2. The thickness of the samples is about
300 µm. The irradiated diodes were tempered for 80 min at 60◦C or 4 min
at 80◦C to avoid any differences in the annealing state after irradiation. In
both sample types the Ci annealing was not finished after the tempering step
because of the low oxygen and carbon content.

A commercially available DLTS apparatus was employed for defect character-
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ization which is described in more detail elsewhere [8]. For the sampling of
the capacitance transients the time windows of 20 ms, 200 ms and 2 s were
used. The digitized transients were weighted with 18 different functions. The
b1 coefficient, which corresponds to the sine wave weighting function, is taken
to display the DLTS spectra. The reverse bias was 10 V and during filling with
electrons a filling pulse 0 V was applied to the diode. During the filling with
holes the forward bias was −3 V. Both types of filling pulses had a duration
of 100 ms. For the capture measurements the duration of the electrical filling
pulses was varied from 1 µs to 1 s. The optical filling was done by back side
illumination of the reverse biased diode with an infrared LED (λmax = 880
nm). Therefore, the ratio of the electron and hole concentrations in the space
charge region was n/p ¿ 1.

3 Experimental Results

The DLTS spectra of the 23 GeV proton irradiated sample during room tem-
perature annealing are shown in Fig. 1. The annealing of Ci atoms is appar-
ent. In Fig. 2 the dependence of the concentrations of the impurity defects
Ci, CiCs, CiOi and V Oi on the annealing time ta is shown. The sum of the
defect concentrations is constant. One notes that the concentrations refer to
a homogeneous distribution of defects. If the defects are concentrated in ho-
mogeneously distributed regions, the local concentration is larger than the
averaged concentration assuming a homogeneous distribution of defects. In
Fig. 3 the filling characteristics of V O0

i → V O−
i and CiCs(B)0 → CiCs(A)−

after 10 MeV proton irradiation are shown. The long filling time of CiCs arises
from the configurational change CiCs(B)− → CiCs(A)−. The defect is filled in
configuration B and changes than to configuration A. The electron emission
from the charge state CiCs(B)− is not detected, because its emission rate is
much greater than the emission rate of CiCs(A)− at T = 75 K [9]. The filling
characteristics indicate an increase of both defect concentrations. After 7, 8
and 9 MeV and 23 GeV proton irradiations the same effect is observed. Thus
it is argued the mobile Ci atoms to be not solely trapped at Cs and Oi sites,
forming CiCs and CiOi defects, but also at V V sites located at the cluster pe-
ripheries. The clusters are assumed to contain almost divacancies. The defect
pair V Cs is considered to be unstable at room temperature, since this defect is
similar to a single vacancy V in the silicon lattice. The released vacancies are
captured at Oi sites outside the cluster regions, forming V Oi defects. At the
cluster peripheries new Cs sites are generated, at which further Ci atoms are
captured. Indeed, the trapping of Ci atoms at V V sites was already supposed
in Ref. [9]. An increase of the concentration of CiCs accompanied by a decrease
of the concentration of V V was observed. However, the concentration of di-
vacancies in the clusters decreases only slightly during Ci annealing, as Fig. 1
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illustrates. On the other hand site, the determination of the concentration of
cluster defects from the DLTS spectra may be not very reliable.

In Fig. 4 the electrical filling characteristics of C0
i → C−

i in the 23 GeV proton
irradiated sample are shown. The characteristics deviate from the simulated
one with a constant capture rate [10]. No dependence on the annealing state is
seen. This suggests that the Ci atoms are localized in the environment of the
clusters and hence the capture rate of majority charge carriers is reduced due
to a positive space charge region surrounding the negatively charged cluster
core [11]. The effect is less conspicuous after 7-10 MeV proton irradiation.
In Fig. 5 the optical filling characteristic of C0

i → C+
i in the 23 GeV proton

irradiated sample is shown. The capture characteristic is described well by the
simulated one assuming a constant capture rate [12]. For the calculation of the
hole density distribution in the space charge region of the reverse biased p+n
junction one assumes a triangle shaped electric field distribution. The fitting
of the measured and calculated signals supposes that the fraction of negatively
charged divacancies in the clusters does not alter appreciably the electric field
distribution. The hole capture cross-section is σc = 1.30 · 10−15 cm2, which
agrees reasonably with the cross-section σT = 1.77 · 10−15 cm2 obtained from
the DLTS spectra. Moreover, the result is reproducible for the optical capture
characteristic of CiO

0
i → CiO

+
i and for the 7-10 MeV proton irradiations. At

T = 180 K the optical capture characteristic of CiO
0
i → CiO

+
i was measured.

The mean values of the hole capture cross-sections of the donor states are
σCi = 1.37± 0.08 · 10−15 cm2 and σCiOi = 2.35± 0.66 · 10−16 cm2. The ratios
σc/σT are 0.91±0.13 for the defect Ci and 0.83±0.23 for the defect CiOi. One
remarks that the temperature dependence of the effective masses is regarded
for the calculations [13].

4 Conclusion

The experimental results demonstrate that the migration of Ci atoms is af-
fected by strain and deformation fields originating from the clusters. The Ci

atoms generated by the exchange reaction I + Cs → Ci are attracted to the
cluster regions and their final migration volume is constricted to the neigh-
bourhood of the clusters. This assumption is supported by the decrease of the
capture rate of C0

i → C−
i due to a positive space charge region surrounding

the negatively charged cluster core of divacancies. The Ci atoms are captured
at Oi and Cs sites in the cluster environment and also at V V sites at the
cluster periphery. The released vacancies are captured at Oi sites outside the
cluster regions. At the cluster peripheries new Cs sites are generated at which
further Ci atoms are trapped. Thus the defect concentrations of the defects
CiCs, CiOi and V Oi increase during Ci annealing and an envelope of CiCs

defects can be formed around the clusters.
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Fig. 1. The DLTS spectra of the 23 GeV proton irradiated sample during room
temperature annealing are shown. The charge state transitions of the various ra-
diation-induced defects are assigned to the DLTS signals. The arrows indicate the
increase and decrease of the defect concentrations. Before room temperature an-
nealing the sample was tempered for 80 min at 60◦C.
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Fig. 2. The concentrations of the impurity defects during room temperature anneal-
ing in the 23 GeV proton irradiated sample are shown. Before room temperature
annealing the sample was tempered for 80 min at 60◦C.
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Fig. 3. The electrical filling characteristics of the defects V Oi and CiCs in the 10
MeV proton irradiated sample at two different annealing states are shown (sym-
bols). The signal amplitudes of V Oi and CiCs increase. Also the simulated capture
characteristics are shown (line).
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Fig. 4. The electrical filling characteristics of the defect Ci in the 23 GeV proton
irradiated sample at two different annealing states are shown (symbols). The signal
is scaled with the factor in the parenthesis. Also the simulation of the capture
characteristic is shown (line).
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Fig. 5. The optical filling characteristic of the defect Ci in the 23 GeV proton irra-
diated sample is shown (symbols). Also the simulation of the capture characteristic
is shown (line).
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