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Abstract 

Radiation induced defects in silicon diodes were investigated after exposure to high doses of Co-60 gamma 
irradiation, using Deep Level Transient Fourier Spectroscopy and Thermally Stimulated Current methods. The 
main focus was on differences between standard and oxygen enriched material and the impact of the observed 
defect generation on the diode properties. Two close to mid gap trapping levels and a bi-stable donor level have 
been characterized as function of dose. These defects explain the main macroscopic deterioration effects both in 
standard and oxygen enriched float zone diodes. Radiation damage effects in silicon detectors under severe 
hadron- and !ñirradiation are surveyed, focusing on bulk effects. Both macroscopic detector properties (reverse 
current, depletion voltage and charge collection) as also the underlying microscopic defect generation are 
covered. Basic results are taken from the work done in the CERN-RD48 (ROSE) collaboration updated by results 
of recent work. Preliminary studies on the use of dimerized float zone and Czochralski silicon as detector 
material show possible benefits. An essential progress in the understanding of the radiation induced detector 
deterioration had recently been achieved in gamma irradiation, directly correlating defect analysis data with the 
macroscopic detector performance. 
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1. Introduction 

High resistivity silicon particle detectors will  be 
used extensively in the tracking areas of the CERN 
Large Hadron Collider (LHC) experiments. Since for 
this application the detectors are subject to extremely 
high hadron fluences the radiation tolerance of the 
bulk material became of prime importance. In all 
cases high resistivity silicon (. > 1 k%cm) was 
chosen to allow for  low operating voltages. 

A lot of investigations on hadron induced damage 
and the impact on detector performance had been 
extensively studied by the CERN RD48 (ROSE) 
collaboration [1-6]. It had especially been proven that 
the deliberate addition of oxygen ([O]>1017 cm-3) in 
the bulk material is beneficial for the radiation 
tolerance to charged particle and gamma exposure. 
The clearest benefit is gained in the case of 60Co 
gamma irradiation. No change in the initial doping 
concentration was reported up to a dose of 400 Mrad 
for high resistivity Diffusion Oxygenated Float Zone 
(DOFZ) silicon while in the case of Standard Float 
Zone (STFZ) silicon  the type inversion takes place 
around 250 Mrad [2]. Many radiation induced point 
defects (VV=/-, VV-/0, CiCs

-/0, VOi
-/0, CiOi

+/0 etc. ) were 
already well characterized by various methods [5-17]. 
However, these defects cannot explain the 
irradiation-induced change in the macroscopic 
parameters of the detector performance (doping 
concentration and leakage currents) and the 
improvement of the radiation tolerance for oxygen-
enriched silicon. Present defect models attribute the 
beneficial oxygen effect in gamma irradiated DOFZ 
silicon to a lower probability of V2O formation by an 
enhanced production of VO defects [17-20]. The V2O 
defect was identified in Czochralski (CZ) silicon after 
electron irradiation by Electron Paramagnetic 
Resonance (EPR) [21] and Photo-EPR measurements 
[20]. An activation enthalpy of (0.50:0.05) eV from 
the conduction band was evaluated for the V2O defect 
in the neutral charge state [22]. Recently, we have 
reported on a deep level located at 0.545 eV from the 
conduction band (Ec) and having electron and hole 
capture cross sections of /n = (1.7:0.2)x10-15 cm2 and 
/p = (9:1)x10-14 cm2  respectively detected in float-
zone silicon after Co60-gamma irradiation with doses 

up to 42.5 Mrad [23].  This close to midgap trap (the 
I level in ref.[23]) is strongly generated in STFZ 
diodes but largely suppressed in DOFZ devices and 
was suggested to be related to the V2O complex in 
the single charge state. According to our results it can 
explain about 90% of the change in the effective 
doping concentration (Neff) and 50% of the leakage 
current (LC) in STFZ silicon. Considering that the I 
level was also detected in DOFZ material together 
with the still unexplained difference in the measured 
and calculated leakage current call for further 
investigations, especially after higher doses of 
irradiation. In the following we report on the 
detection by Deep Level Transient Fourier 
Spectroscopy (DLTFS) [24] and Thermally 
Stimulated Current (TSC) [13] methods of other 
trapping levels induced by gamma irradiation, which 
together with the mentioned I level can better explain 
the differences observed between STFZ and DOFZ 
diodes. The devices investigated in this work are 
STFZ and DOFZ p+nn+ diodes processed by CiS [25] 

on Wacker silicon with high resistivity (4 k%cm) and 
exposed to Co60- gamma irradiation doses of 10 to 
300 Mrad. The average oxygen concentration in the 
DOFZ material is 1.2x1017 cm-3 while in the STFZ 
ones it is less than 3x1016 cm--3 [26]. 

2. Experimental results and discussions 

2.1. DLTFS results 

 The DLTFS method was applied for doses up to 
42.5 Mrad whereas the higher irradiated samples 
were investigated by the TSC method. After 
irradiation all dides were kept at room temperature 
for at least 4 weeks. DLTFS measurements were 
performed on both STFZ and DOFZ samples exposed 
to 10 and 42.5 Mrad irradiation doses. For these high 
doses the DLTFS spectra can be well analyzed only 
for temperatures above 240 K where the most 
abundant irradiation induced point defects (e.g. VO 

and VV) do not contribute anymore to the recorded 
capacitive transients. In addition to the mentioned I 
level (possibly the V2O-/0 complex) another very deep 
level, labeled as 9, was detected in these samples as 
shown in Fig. 1a. An activation enthalpy of #Hv = 
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0.66eV ±1% with respect to the valence band and an 
effective capture cross-section of /* = (5:3)x10-15 
cm2 were evaluated for the 9 defect from the 
Arrhenius plot (Fig. 1b). The filling was done using 
forward bias injection and therefore /* does not 
represent the capture cross section for holes only (/p) 
but includes also the electron capture cross section 
(/n). The /* is given by the following formula [27]: 

 

  (1)   

 
where vth,p, vth,n are the thermal velocities of holes and 
electrons respectively.  

 

Fig. 1 a) Majority and minority carrier DLTFS spectra recorded on 
STFZ diode after a gamma dose of 42.5 Mrad. A reverse bias of 
RB=-16 V was applied during the measurement.b) Arrhenius plot 
for the 9 level with the evaluation of the activation enthalpy and 
capture cross section. 

The concentration evaluated from DLTFS spectra or 
by direct analysis of transients after forward injection 
does not represent the total concentration of defects 
(NT) but a quantity given by [27]: 

 
 
 
 

 (2) 

 

 
where nT(T) is the steady state occupancy of the 9 
level, cn,p(T) = "n,p(T)* #th,n,p(T) are the respective 
capture coefficients, NC,V  are the effective densities 
of states in the conduction band. 

Due to its position in the band gap, the 9 level 
might have a strong influence on the detector 
performances ñ the leakage current per unit volume 
(LC) and the effective doping concentration (Neff). In 
order to estimate it correctly both capture cross 
sections (/n and /p) should be known. Because of the 
high concentration of VV-/0 states a direct 
investigation of electron emission from the 9 defect 
is not possible. By direct analysis of transients at 
different temperatures the )(TpDLTS

T  values were 
determined to be 9.60x109cm-3, 9.44x109cm-3 and 
9.36x109cm-3 at 273 K, 293 K and 298 K 
respectively. Assuming that there is no temperature 
dependence of /p and /n between 273 K and 298 K 
then eq. 2 results in /p//n~100. With such a large 
difference between the two capture cross sections a 
good approximation is /p = /* = (5:3)x10-15 cm2 as 
was evaluated from the Arrhenius plot in fig.1b. 

2.2. TSC results 

The samples irradiated with higher doses (up to 
284 Mrad) were investigated by the TSC method. 
Also in this case the diodes stayed at room 
temperature for more than 4 weeks prior to the 
measurements. The standard experimental procedure 
consists in cooling down from room temperature 
(RT) to 20 K under 0 bias, followed by forward 
injection (1mA) for 30 sec. and then heating up with 
reverse bias (RB) applied. The heating rate for the 
TSC experiments was always 0.183 K/s.  The  filling 
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of traps was done either by forward biasing or using 
hole injection by 670 nm LED illumination from the 
rear side of the reverse biased diode. 

In Fig. 2 the recorded TSC spectra for STFZ and 
DOFZ diodes exposed to a dose of 284 Mrad are 
presented. In DOFZ diodes the generation of I and 9 
defects are strongly suppressed, while the VOi center 
exhibits a larger concentration. This may suggest that 
the VOi center plays a major role in the formation of I 
and 9 defects. In fact, it had been discussed that the 
V2O complex results from the reaction VOi+V < 
V2O [17-20]. In addition, there are some features 
characteristic only for the STFZ or DOFZ material 
neither reported so far in the literature nor seen in our 
low dose DLTFS measurements [28].  

Fig. 2. TSC spectra for STFZ and DOFZ diodes irradiated with 284 
Mrad dose recorded after exposure to day light. 

Fig. 3.  TSC spectra in STFZ for only hole injection or after 
forward biasing. 

Fig. 4. TSC spectra in DOFZ diodes after forward biasing 
following different exposures. 

Fig. 5. Annealing at 150 0C . a) TSC spectra for DOFZ after 
keeping the diode in the dark at RT for 2 days;.b) TSC spectra for 
DOFZ after exposure to day light 
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In the STFZ material a strong peak is observed at 
97 K which proved to act as a trapping level for holes 
(see Fig. 3). In the DOFZ case we see a peak at 50 K 
overlapping a very low temperature signal labeled 
ìBD tailî. The BD tail disappears after keeping the 
diode in the dark for 2 days at room temperature 
(RT). Instead, the L(42K) and BD(98K) levels appear 
in the TSC spectrum (see Fig. 4). A level with similar 
trapping parameters like L(50K) was already 
investigated by DLTS and IR- Absorption methods in 
oxygen rich Si and was associated with the single 
negative charge state of the interstitial silicon-oxygen 
dimer complex (IO2

-/0) annealing out completely at 
150 0C [15]. Our experiments revealed that both 
L(50K) and L(42K) levels anneal out after 1500 C 
heat treatment (Fig. 5). Instead of these two levels 
another peak labeled L(87K) appears in the spectrum. 
The L(47K) peak is not a result of the annealing. It 
can already be seen  as a shoulder in the L(50K) peak 
prior to annealing. 
It is worth to mention here that no change in the 
magnitude of the leakage current or Neff was 
measured after the annealing at 1500 C. Depending 
on the experimental TSC procedure (cooling after  
exposure to day light or after keeping the sample in 
the dark) a direct correlation between the BD tail and 
BD(98K) level was observed (see Fig. 5). It is well 
known that such bi-stability is characteristic for the 
thermal double donors TDD1 and TDD2 (associated 
with small size oxygen clusters) [29-31]. 

Fig. 6. Change of the activation enthalpy of BD(98K) with 
different reverse bias applied during TSC measurement. 

The donor activity of the BD(98K) level was 
proven observing the Poole Frenkel effect when 
different RB-values were applied during the TSC 
measurements. The change in the activation enthalpy 
was evaluated from Arrhenius plots of the increasing 
part of the peak (see Fig. 6) resulting in a zero field 
activation enthalpy of 0.225 eV for BD(98K) . Thus, 
contrary to the effect of I and 9 the BD centers will 
contribute with positive space charge to Neff. These 
properties of the BD centers (donor activity, bi-
stability, zero field activation energy) together with 
their strong generation in oxygen enriched material 
suggest a possible identification with the thermal 
double donors TDD2. 

3. The impact of I, 9 and BD defects on the 

detector performance 

The following relations were used to calculate the 
contribution of the I, 9 and BD centers to LC ($E) 
and Neff (nT): 

 
      

      
              (3) 

 
 
 

where q0 is the free electron charge. 
 
The concentrations of I, 9 and BD centers in STFZ 
and DOFZ for different dose values are given in Tab. 
I. The errors are less than 5% in the case of I level 
and around 20% for the 9 level.  

The experimental values of Neff and LC as 
determined  from C-V and I-V measurements as well 
as the calculated ones are given in Fig. 7. There is a 
very good agreement between measured and 
calculated values of Neff for both STFZ and DOFZ 
diodes. However, the LC cannot be fully described by 
taken only the I and 9 level into account (especially 
in the case of DOFZ). Possible reasons for that can be 
that other deep centers (e.g. VV-/0) have not been 
included. 
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Table I. Total concentration of I, 9 and BD defects as function of 
irradiation dose in STFZ and DOFZ silicon 

Dose

(Mrad) 

I level

STFZ 

x109 

(cm-3) 

I level 

DOFZ 

x1010 

(cm-3) 

9 level

STFZ 

x1012 

(cm-3) 

9 level

DOFZ 

x1012 

(cm-3) 

BD

DOFZ 

x1011 

(cm-3) 

4 6.08     

10 11.45     

42 62  1.6     

96 120   1.9    

150 276  5  3.2   1.48  

190 380 7.5  2.4  1.5  2.04  

245 700 11.5  5  2.1  2.96  

284 920 16  6  3  3.8  

4. Conclusions 

The DLTFS method applied to gamma irradiated 
STFZ and DOFZ silicon diodes with doses up to 42 
Mrad allowed us to characterize a new close to 
midgap trapping level (9 center) in addition to the 
already reported I defect (V2O-/0?).The trapping 
parameters of the 9 level are: an activation enthalpy 
of #Hv = 0.66eV ±1% from the valence band and a 
capture cross-sections of /p = 100x/n = (5:3)x10-15 
cm2. The dependence of the I and 9 concentrations 
with increasing dose was investigated by the TSC 
method. It was shown that both defects are largely 
suppressed in  DOFZ diodes. In STFZ the I and 9 
level can almost fully explain the change in both the 
leakage current  and the effective doping 
concentration . In the case of DOFZ diodes the 
negative space charge due to I and 9 centers is 
overcompensated by the positive charge introduced 
by some bi-stable donors (TDD2 ?) leading even  to a 
slight increase of the effective donor concentration. 
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