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The origin of sensor deterioration in silicon tracking detectors in high energy physics experiments
is to a large proportion a result of crystal defects in the silicon bulk. These defects can be analysed
and identified with the aim to eventually find the best possible material or even a "cure" for the
impact of these defects. In the recent years, these studies have been performed on n-type silicon
sensors that were irradiated with neutrons, pions, protons, electrons and 60Co-γ . This work’s
main focus is set on neutrons and charged hadrons, since these particles are the dominant source
of radiation damage in future large hadron collider (LHC) experiments.
To date, two defects were found to be responsible for the generation of the leakage current. Sev-
eral donors and acceptors which are charged at room temperature could be identified. These
defects are mainly produced in heavily damaged regions with high defect concentrations (clus-

ter). The origin of trapping has not been found until today, but recent results show a possible
correlation to the same cluster related defects.
This article describes the approaches and measurement methods which are used in the present
defect investigations. In addition, an overview is given about the results of defect investigations.
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1. Introduction

Silicon sensors are widely used in tracking detectors of high energy physics experiments. The
unique knowledge about this material and the proven technology makes it first choice for large
scale applications. The upgrade of the large hadron collider (LHC) to the high luminosity (HL)
LHC will increase the integrated luminosity by a factor of five and therefore the radiation exposure
to a maximum fluence of more than Φ = 1016 cm−2.
The radiation induced bulk damage in the silicon sensors will lead to a severe degradation of their
performance during the operational time. The introduction of defect levels in the band gap (Eg)
change the properties of silicon sensors, leading to an increase of the leakage current (Ileak), a de-
crease of the charge collection efficiency (CCE) and a change of the depletion voltage (Vdep). These
changes finally result in a loss of efficiency and resolution.
One approach for improving the radiation tolerance of silicon sensors is based on the understanding
of radiation damage in the silicon bulk. The goal of such analysis is firstly to be able to predict
the properties of the irradiated sensors correctly and secondly to be able to carry out defect engi-
neering. Defect engineering aims to render inactive harmful defects by the intentional introduction
of impurities. Today’s standard material used in the LHC tracking detectors is oxygen enriched
silicon. The beneficial influence of oxygen on the change of the effective doping concentration
(Ne f f ) and therefore also on Vdep was explained by the CERN-RD48 (ROSE) collaboration [1] on
the basis of defect investigations.
From the work of the ROSE collaboration emerged a full characterisation of the radiation induced
defects in 60Co-γ irradiated sensors [2–6]. For the first time, the generation of Ileak and the change
of Ne f f could be predicted by defect analysis.
Since the radiation induced damage of 60Co-γ irradiation only generates small point defects, a sim-
ilar approach had to be started for HL LHC conditions where mainly large damage cascades are
created [7–9]. The main deterioration of the silicon sensors results from the influence of these large
defect conglomerations, the clusters, as introduced by 1 MeV neutron or 23 GeV proton irradia-
tion [6,10,11]. Fig. 1 presents the simulation of a primary knock on atom (PKA) path (red) through
silicon creating an avalanche cascade of vacancy displacements (blue). As indicated in the figure,
the cluster regions are found at the end of the damage cascade, where the energy of the displaced
silicon atoms decrease.
The investigation of radiation induced defects can be achieved by a comparison of the change of
the relevant diode properties (depletion voltage (Vdep), leakage current (Ileak), trapping (τn,p)) with
defect properties (defect concentration (Nt), capture cross section (σn,p), activation energy (∆Ea)).
These values can be obtained on one hand by capacitance-voltage (CV) and current-voltage char-
acteristics (IV) and on the other hand Deep Level Transient Spectroscopy (DLTS) and Thermally
Stimulated Current technique (TSC). A correlation of such values can be achieved during anneal-
ing procedures. The electrical analysis methods for investigating the defect properties require pla-
nar diode test-samples irradiated with neutrons and protons to comparatively low fluences from
Φ = 1011 − 1015 cm−2. Materials with different concentrations of impurities may give further
information about their influence on the defect generation and the impact on detector properties.
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Figure 1: Simulation of the path of a primary dislocated silicon atom, a PKA (red) through silicon creating
an avalanche cascade of vacancy displacements (blue). Figure from [11].

2. Experimental Methods and Materials

Defect investigations aim to understand radiation induced bulk damage depending on the ir-
radiating particle, the fluence and the silicon material. Understanding the generation of defects
makes it possible to forecast the change of sensor properties (Vdep, Ileak, τn,p) and to choose the
best material for a sensor’s position in the detector. Additionally, the information about the chemi-
cal structure of a defect allows to perform defect engineering.
Defect engineering seeks to improve the radiation hardness of silicon sensors by the intentional
incorporation of impurities in order to de-activate harmful defects. A "result" of defect engineering
is oxygen enriched silicon. The understanding of the beneficial impact of oxygen in n-type silicon
was the basis for the big success of this material, which is now widely used in LHC experiments.
Several defect reactions with positive impact on the radiation hardness can be observed (for [O]>

1017 cm−3). One example is pictured in Fig. 2. The radiation induced vacancy defect (V ) usually
couples with either other vacancies or the material impurities present in the silicon material. De-
pending on the concentration of such, some reactions are more prominent than others. In the case
of oxygen lean material a phosphorus substitutional atom (Ps) can form the vacancy-phosphorus-
complex (V P) with the irradiation induced vacancy. This defect is harmful because the phosphorus
atom (usually acting as donor) becomes inactivated and does not contribute to Ne f f . However in
oxygen rich silicon, like epitaxially grown (Epi-Do) or Magnetic Czochralski (MCz) silicon, due
to the excessive supply of oxygen atoms (Oi) the formation of the vacancy-oxygen-complex (VOi)
is favoured. Neither the oxygen atom nor the phosphorus dopant is mobile at room temperature
or at 80 °C annealing, but the vacancy migrates through the lattice even at lower temperatures and
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Figure 2: Illustration of reactions of radiation induced vacancys (V ) with either an oxygen atom (Oi) or
phosphorus atom (Ps). Oi + V creates harmless vacancy-oxygen-complex (VOi) while V +Ps creates the
inactive vacancy-phosphorus defect (V P), which decreases the initial doping concentration.

therefore couples with the impurities. If [O]� [P] it is much more likely that a vacancy couples
with oxygen than with the phosphorus doping atom.
Knowledge about the defects in the silicon bulk can be obtained with material studies and mea-
surement methods from solid state physics. A very powerful tool for obtaining defect properties,
like Nt , ∆Ea and σn,p, is the deep level transient spectroscopy DLTS. This method was proposed by
Lang [12] and is described in Weiss [13] and Moll [10]. The method is based on capacitance dif-
ferences due to the emission of charge carriers from filled trap levels. This requires a high majority
carrier concentration and is therefore only applicable for sensors with Ne f f ,0� Nt , limiting the ir-
radiation fluences to Φeq = 6×1011 cm−2 for the sensors under investigation. Here Ne f f ,0 denotes
the original doping concentration. A second method, the thermally stimulated current technique
(TSC), is based on a direct measurement of the current emission from filled traps (for more in-
formation see [14–16]). Therefore, sensors with higher irradiation fluences of Φeq = 1013− 1015

cm−2 are feasible.
Annealing studies mimic the self-healing process of the silicon bulk during maintenance times
with acceleration factors depending on the applied temperature and compared to room temperature
annealing. It should be noted, that acceleration factors for the annealing of Ileak differ from the
annealing of Ne f f . A parameterisation of the annealing of Ne f f including acceleration factors for
the short term and the long term annealing is given in Moll [10]. Additional annealing processes at
high temperature allow the observation of migration and dissolving processes in the silicon bulk.
It is possible to distinguish the chemical structure from such experiments.
The planar diodes used for studying radiation damage are made of the silicon materials which differ
in oxygen concentration [O], general impurity content (like carbon) and original doping concentra-
tion Ne f f ,0. Materials with a low oxygen content resulting from the growth process are float zone
(FZ) and standard epitaxially (Epi) grown silicon, with concentrations of [O]≈ 1016 cm−3. Oxygen
rich silicon materials like Magnetic Czochralski (MCz) or oxygen enriched epitaxial silicon (Epi-
Do) and oxygen enriched float zone (DOFZ) have concentration between [O]≈ 2×1017−5×1017

cm−3. 23 GeV irradiations have been carried out at the Proton Synchrotron (PS) [17, 18] at CERN
and 1 MeV neutron irradiations at the JSI Ljubljana [19].
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3. Results

In recent years, progress was made especially in the identification of defects with impact on
the leakage current and the change of the effective doping concentration after the irradiation with
neutrons and charged hadrons. Several defect candidates could be correlated to the respective diode
properties due to a comparison of their properties during annealing studies. The knowledge about
defects with impact on the sensor properties is summarised in this section.

3.1 Effective doping concentration

The depletion voltage Vdep and similarly Ne f f (connected via Vdep =
q0
εε0
· |Ne f f | ·d2) are known

to change as a result of radiation damage, depending on material and the doping-type. As a conse-
quence for a sensor in a high energy physics detector, it is possible that Vdep rises so that the biasÊ
voltage that can be applied is not sufficient to deplete the sensors fully. Additionally, the materials
can undergo type inversion. If a type inverted sensor cannot be depleted any more. Therefore it
is vital to estimate the evolution of Vdep depending on the fluence and the particle type. A basic
approach is the understanding of radiation induced defects responsible for the change of Ne f f .
In the recent years, several defects with impact on Vdep have been identified due to their Poole-
Frenkel-Effect. Only defects that are charged at room temperature contribute to Ne f f exhibiting a
field dependence (see [6,20]). Nearly all these investigations were performed on n-type silicon, but
since radiation induced defects are similar for n- and p-type material, radiation induced defects are
supposed to be similar for both types. However, the difference between the phosphorus and boron
doping atoms leads to the creation of different defect complexes, resulting in a different behaviour
mostly at low fluences (Φeq < 1014 cm−3), where the original doping concentration is relevant.
Major progress was made by Pintilie et al. [6, 21] finding the main reason for type inversion of
n-type sensors after 1 MeV neutron irradiation. Pintilie et al. found a group of radiation induced
deep acceptors displayed in the TSC curve of a neutron irradiated (blue) oxygen enriched epitaxi-
ally grown planar silicon diode illustrated in Fig. 3. The deep acceptors are labelled with respect
to their level’s peak position in the TSC spectra H(116K), H(140K) and H(151K) (at Ea = 0.33
eV, Ea = 0.36 eV and Ea = 0.42 eV [6]). These deep acceptors were also found in 23 GeV proton
irradiated silicon (see Fig. 3 red curve).
In addition, a shallow donor with impact on the Ne f f has been identified. This defect was labelled
E(30K) (at Ea = 0.1 eV) according to its TSC peak position [6]. It can be found for both neutron
and proton irradiation. The comparison of TSC spectra illustrated in Fig. 3 taken at the same an-
nealing step of 30 000 minutes at 80 °C and normalised to an equivalent fluence of Φeq = 2×1014

cm−2 reveals the main difference between bulk defects induced by 1 MeV neutron and 23 GeV
proton irradiation. The concentration of the E(30K) defect is much higher after 23 GeV proton
irradiation.
For a full description of the change of Ne f f based on defects, two further defects have to be taken
into account. A shallow donor, labelled as BD defect and the above mentioned V P defect change
the effective doping concentration. BD was identified to be T DD2 [4, 5, 20], appearing only in
oxygen rich or medium oxygen rich silicon. V P on the other hand is mostly suppressed in oxygen
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Figure 3: Comparison of defect peaks measured by TSC for 1 MeV neutron (blue) and 23 GeV proton (red)
irradiated oxygen enriched epitaxially grown silicon material. Defects with impact on Ne f f are marked with
+SC for donors and -SC for acceptors. (Measurement conditions: Vmeas = 100 V, Vpulse = −50 V.) Figure
from [11].

rich material.
The identification of the defects can be nicely confirmed by annealing studies. If the identified
defects should be responsible for a change of Ne f f , it would be possible to reproduce Ne f f mea-
sured by CV at room temperature by the sum of all defect concentrations observed by microscopic
measurement techniques during annealing studies.
Figure 4 illustrates the TSC spectra taken during an isothermal annealing study of a standard epi-
taxially grown silicon diode for bias voltages of Vbias = 100 V. The acceptors with impact on Ne f f

are marked in blue (H(116K), H(140K) and H(151K)), donors in red (E(30K) and BD). The area
under a TSC-peak in the spectrum gives the concentration of the defect. Both, the concentration of
acceptors and donors increase with annealing at 80 °C.
The results of the evaluation during the annealing process are presented in Fig. 5. The concentra-
tions of donors were summed up and displayed as positive concentration by red triangles, while
the sum of the concentration of acceptors is illustrated by blue circles. Since acceptors contribute
negatively to the space charge, they are represented on a negative scale.
The effective doping concentration can then be calculated from the sum of the original doping
Ne f f ,0, the concentration of all acceptors, donors and V P (E-center). This is illustrated by green
stars. The annealing behaviour of Ne f f measured by CV at room temperature can be reproduced
very accurately by the concentrations of the identified defects. However, it should be noted that for
higher fluences and oxygen enriched material, only the long term annealing is reproduced by the
defect analyses.

3.2 Current

The increase of the leakage current after irradiation will become a severe problem for sensors
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neutron irradiated standard epitaxially grown material. The sum of the concentrations (green stars) deduced
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Ne f f ,0 is compared to Ne f f from CV at room temperature for isothermal annealing studies at 80 °C. Figure
from [11].

in tracking detectors at the future HL LHC. The increase of Ileak results in an increase of shot noise
and to a reduction of the signal to noise ratio. To today, Ileak showed no dependence on the material
(see Moll [10]).
This section addresses the identification of defects that are responsible for the increase of Ileak af-
ter neutron and charged hadron irradiation. Besides defect properties and the annealing behaviour
also the knowledge of the chemical structure of defects with impact on Ileak is a matter of interest.
This information increases the prospects for developing future materials that are less susceptible
for radiation damage, after all.
Currently the noise is reduced and controlled by cooling the detectors. This approach works very
well but has some disadvantages. An active cooling system makes a large contribution to the ma-
terial budget and hence to the multiple scattering, it is limited to the minimum cooling temperature
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ms. Figure from [11].

and prone to failure of the cooling system.
IV measurements during annealing studies point out impressively that the main part of Ileak an-
neals out within a few hundred minutes annealing at 60 °C. Fig. 6 illustrates an annealing study
performed on Φ = 6× 1011 neutron cm−2 irradiated FZ diodes with two temperature steps. At
first, several isothermal annealing steps were done at 60 °C up to 2400 minutes, followed by an
annealing step of 30 minutes at 200 °C. The annealing treatment at 60 °C results in a first decrease
of Ileak of about 60 %. A second drop can be observed after the annealing at a higher temperature.
After annealing for 30 minutes at 200 °C Ileak decreases for another 30 %.
Since the annealing of Ileak is a result of the dissolving of defects in the silicon crystal, it should
be possible to see the decrease of the concentration of these defects during an annealing study.
Corresponding DLTS spectra, taken during the annealing treatment and always after CV/IV mea-
surements, are presented in Fig. 7. In a DLTS spectrum each peak position and height represents
the concentration of the defect at a level in the band gap. For this sample the defect levels for
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several defects without influence on the electrical properties of the silicon were observed (Ci, VOi

and V2).
Defects with impact on Ileak have to have deep levels, near to the middle of the band gap. In this
presentation, the large defect peak around 200 K is deep enough to contain a generation centre.
During the annealing process it becomes obvious that the large peak consists of several defects that
dissolve as a function of the annealing time and temperature. The peak height gives the concentra-
tion of a defect. Therefore it is possible to calculate the annealed fraction from the difference of
the peak height at respective annealing temperatures or time steps.
Figure 7 illustrates the annealing of two defect levels at 60 °C in addition to a further defect level
which anneals during the 30 minutes at 200 °C step. The original concentration of defects can
be pictured by taking the difference of the spectra directly after irradiation and the succeeding an-
nealing steps as depicted in Fig. 8. The difference between the as irradiated step and the longest
annealing step reveals the concentration of the E5 defect.
At each annealing step, the annealed fraction of the defect concentration can hence be extracted
and correlated to the annealed fraction of Ileak. Fig. 9 demonstrates the annealing of the E5 defect
concentration (∆Nt(E5)) and the annealing of the current damage parameter (∆α). This parameter
can be obtained by normalising the radiation induced leakage current (∆I) by the diode volume (V )
and the fluence (α = ∆I/V ·Φeq, compare [10]). The materials combined in Fig. 9 represent the
isochronal annealing steps at 60 °C for MCz, FZ, Epi-St and Epi-Do materials. A linear trend can
be observed.
This defect has been known for a long time [10], though only recently could it be directly correlated
to the annealing of the current by utilising the newly discovered bistability of this defect [22–24].
The authors found that the defect is not dissolved after annealing at 80 °C but changed the config-
uration. This configuration gives only rise to a shallow defect (E75) of which the contribution to
the current generation is negligible. An injection of high forward current of 1 A (J = 4 A cm−1)
recovers the configuration that gives rise to the deep level E5 [11, 24]. As demonstrated in [11],
the recovery of the defect concentrations also recovers a fraction of the leakage current. Using this
bistability makes it possible to investigate the defect dissociation at higher temperatures. Recent
investigations revealed the chemical structure of the defect to be the tri-vacancy (V3) [11, 25]. This
is in agreement with the observation that the generation of this defect does not depend on the ma-
terial and should consist only of silicon vacancies or interstitials.
There was a second defect observed during the high temperature annealing step that was labelled
E205a. Analogously to that shown in Fig. 7 this defect can be correlated to the decrease of the
leakage current during the annealing at higher temperatures [11].
The E205a defect is also under suspicion to be responsible for electron trapping after hadronic
irradiation. This defect is the only defect that anneals exactly in the same temperature range as the
electron trapping gets reduced due to annealing [26].

4. Conclusion

Some defects with impact on Ne f f and Ileak after the irradiation with 1 MeV neutrons and
23 GeV protons have been successfully revealed by defect investigations. The deep acceptors
H(116K), H(140K) and H(151K) appear to have the same generation rate after neutron and pro-
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ton irradiation and in addition to the V P defect lead to type inversion of neutron irradiated sensors.
The production of the donors E(30K) and BD is enhanced after 23 GeV proton irradiation. The
production of the BD defect is furthermore enhanced in oxygen rich material. This high gener-
ation explains the observation, that oxygen enriched epitaxial silicon diodes do not undergo type
inversion after proton irradiation. It is possible to explain also the similar behaviour of n-type MCz
material after proton irradiation, since the material properties are very similar.
The high leakage current after hadronic irradiation was correlated to two cluster related defects.
The current is created by the tri-vacancy and the E205a defect and their interaction with the whole
cluster region (e.g. by inter center charge transfer [27]). Since the tri-vacancy is very stable until
high temperatures (T > 250 °C) it does not couple with oxygen. Therefore no beneficial effect
of oxygen on the leakage current is expected. There are two other candidate impurities for defect
engineering, which are nitrogen and hydrogen. However, neither a sufficient enrichment of silicon
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with either of the impurities nor the influence of the radiation hardness has been tested yet. There-
fore the cooling of silicon sensors remains the only possible control of Ileak. A detailed study of
these defects and their interaction with other impurities than oxygen will offer the possibility of an
estimation of a possible success of future defect engineering for radiation hardness. A compilation
of ∆Ea, σn,p for defects with impact on Ne f f and Idep can be found in [11].
The understanding of the correlation of the defect introduction depending on the irradiation can be
used to predict the properties of irradiated sensors. A prediction helps to choose the best material
for a certain fluence range and a particle composition. The prediction of type inversion or non type
inversion gives an impact on the design of a sensor as well as the prediction of Vdep that is necessary
to keep the operation voltages in design specifications. An application of this knowledge on p-type
sensors is strictly speaking only possible for high fluences (Φ > 1014) when the original doping
concentration does not count any more.

5. Summary

Defect analysis have been of great benefit in order to understand the effects of radiation dam-
age in the silicon bulk. Several defects were found that influence the effective doping concentration.
Furthermore, two defects affecting the leakage current were identified. It is likely that they interact
with the cluster region, e.g. by inter center charge transfer. The understanding of the impact of
these defects will make it possible either to carry out defect engineering or to estimate the change
of Ne f f and Ileak depending on the type and amount of radiation they were exposed to. The pre-
diction of a possible type inversion can be made for materials whose oxygen content and original
doping concentration are known. A compilation of ∆Ea, σn,p for defects with impact on Ne f f and
Idep can be found in [11].
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