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Silicon diodes (pad detectors) were irradiated with 24 GeV/c protons at the CERN PS IRRAD1 facility and

with neutrons at the TRIGA reactor in Ljubljana (Slovenia). The diodes were realized on Magnetic

Czochralski (MCz) grown silicon, of both n- and p-type. After irradiation, an annealing study with CV

measurements was performed on 24 GeV/c proton irradiated detectors, looking for hints of type

inversion after irradiation and during annealing. Other pad detectors were studied using the TCT

(transient current technique), to gather information about the field profile in the detector bulk and thus

about the effective space charge distribution within it.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Silicon detectors are currently used for the construction of the
tracking systems of many High Energy Physics experiments, such
as those at the Large Hadron Collider at CERN. The current
generation of trackers is built using Float Zone (FZ) silicon. The FZ
growing technique allows for a good crystalline purity, which
results in homogeneous ingots with a very high resistivity
(104 O=cm). The tracking system is nevertheless subject to high
levels of radiation, up to 1015 fast hadrons per cm2. The possible
upgrade scenario for the LHC (super-LHC) [1] is aiming for an
increase in luminosity by a factor 10, thus making the radiation
damage issue a critical factor. At those levels of radiations, Float
Zone silicon shows its limits, with a fast increase of the full
depletion voltage and a loss in charge collection efficiency, due to
the formation of deep levels in the bulk that act as trapping
centers for the carriers, thus reducing the signal read at the
electrodes. The leakage current also increases dramatically with
irradiation, along with the power dissipation of the detector,
which becomes a critical issue. The most recent studies are
looking in the direction of other silicon growth techniques, such as
the Magnetic Czochralski (MCz). It has been shown that high
levels of oxygen (naturally present in MCz silicon) have beneficial
effects in terms of radiation hardness of the detector [2].

The NIEL hypothesis [3] allows for rescaling the damage
produced by different kinds of particles with different energies to
ll rights reserved.

o).
a reference fluence, by means of a scaling factor k (hardness
factor). The NIEL hypothesis describes correctly the proportional
increase of the leakage current density with fluence for charged
hadrons with different energies. The proportionality factor, called
a, was found to be independent from the used silicon material
with different resistivity, conduction type (n- and p-type) and
oxygen content [4]. Other effects, however, like the change of the
effective doping concentration and the decrease of the effective
trapping times cannot be rescaled in the same fashion for all
silicon materials and particle types [5,6].

It has been observed that in MCz as well as in FZ silicon
detectors, irradiation with hadrons produces two different regions
of space charge [7]. A region with positive space charge dominates
close to the pþ contact, while negative space charge dominates
close to the nþ contact. These two space charge regions affect the
shape of the current pulse induced after generation of non-
equilibrium carriers, which shows two peaks corresponding to the
high fields associated with the two different space charge regions.

In the present work, p- and n-type MCz diodes irradiated with
reactor neutrons and 24 GeV/c protons were studied to further
investigate this double junction effect [8]. Where neq fluences are
shown, the NIEL scaling hypothesis was used, using a scaling
factor k ¼ 0:62 [9].
2. Studied structures and irradiation

In this work PAD detector structures produced from MCz
n- and p-type silicon were studied. The wafers were produced
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Table 1
Investigated structures.

Producer Type of silicon Active area (mm2) Irradiation Experimental technique

SMART n and p 13.7 Protons TCT, CV/IV

HIP n 25 Protons CV/IV

HIP p 25 Neutrons TCT

Micron, CNM n 25 Neutrons TCT
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by Okmetic Ltd. and processed by four different institutes:
ITC/IRST—Trento (Italy—processing performed on behalf of
the SMART collaboration), Helsinki Institute of Physics (HIP),
Centro Nacional de Microelectronica (CNM, Barcelona) and
Micron Semiconductors (UK). A list of the structures is shown in
Table 1.

All of the diodes studied in this work were provided with an
optical window on the non-ohmic contact, allowing e–h pair
generation by light on this side of the detector. Some of the diodes
(those processed by HIP and Micron) had a patterning on the
metallization of the ohmic contact of the diode, allowing for
illumination also from this side. All diodes had multiple guard
rings. The innermost guard ring was connected to ground during
all presented measurements.

The irradiation of the structures was performed at the CERN PS
IRRAD1 facility for 24 GeV/c protons and at the Ljubljana TRIGA
reactor for neutrons. The maximum irradiation fluence were,
respectively, 2:4� 1015 p=cm2 and 8� 1014 n=cm2. The samples
were irradiated at room temperature and stored, afterwards, at
�20 3C to prevent uncontrolled annealing.
Fig. 1. Vdep vs. tann for the set of HIP MCz-n diodes with 24 GeV/c protons

irradiation.
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Fig. 2. Vdep vs. tann for the set of SMART MCz-n diodes set with 24 GeV/c protons

irradiation.
3. CV characterization

The CV method [3] was used to determine the depletion
voltage of the diodes irradiated with 24 GeV/c protons. Studies
performed on Standard Float Zone silicon [3] show that the
annealing of irradiated silicon can be divided into two stages. At
the beginning there is a partial removal of the negative space
charge introduced by irradiation (beneficial annealing), followed
by a subsequent introduction of negative space charge (long term
or ‘reverse’ annealing). The beneficial annealing behavior of the
depletion voltage allows to distinguish between n-type substrates
and p-type ones. In a p-type device an introduction of negative
space charge results in an increase in Vdep while in a n-type device
the Vdep decreases. The annealing may be accelerated by keeping
the silicon at elevated temperatures (usually 60 or 80 3C). The
acceleration factor may be calculated through an Arrhenius
relation [3]. In the present study annealing has been carried out
by heating the samples in an oven, to a temperature of 80 3C. After
annealing, the samples were always kept for at least 12 h at room
temperature in a dark environment, to allow for the de-excitation
of bistable levels [10].

The annealing study has been conducted on 24 GeV/c proton
irradiated HIP (MCz-n) and SMART (both MCz-n and MCz-p)
samples. The plot Vdep vs. annealing time is shown in Fig. 1 for the
HIP MCz-n set and in Fig. 2 for the SMART MCz-n one. For
depletion voltages above 1000 V, an extrapolation was operated
for the depletion voltage, by imposing the geometrical
capacitance of the detector (known). All the samples studied
show an n-type annealing behavior, with Vdep rising slightly with
beneficial annealing and then falling again with reverse annealing.
All samples, with the exception of the least irradiated HIP diode,
show an increase of Vdep after about 500 min at 80 3C indicating
that the effective space charge is negative for these samples at this
annealing stage.
The same plot is shown if Fig. 3 for SMART MCz-p samples. The
annealing behavior for the three least irradiated diodes is p-type
like, with Vdep falling during beneficial annealing and then rising
back during reverse annealing. However, the most irradiated
diode (1:6� 1015 neq=cm2) shows an n-like annealing behavior,
with a curve that is comparable to those of MCz-n diodes
irradiated at the same fluence. There are thus indications of
dominant space charge sign inversion for MCz-p silicon from p- to
n-type at this fluence.

Moreover, MCz-p devices are characterized by a sudden drop in
the depletion voltage in the very first stage of annealing, which in
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Fig. 3. Vdep vs. tann for the set of SMART MCz-p diodes with 24 GeV/c protons

irradiation.
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Fig. 4. Induced current after electron injection (pþ illumination) for the MCz-n

detector irradiated with 1� 1014 n=cm2.
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MCz-n is not observed. This difference could be related to some
effect concerning the p-type boron dopants within the detector
bulk. Either, immediately after irradiation, they form some
unstable negatively charged complex defects that anneal very
quickly into other neutral defects, or the boron, still present in the
detector bulk, is neutralized during this short term annealing by
some irradiation related defects.
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Fig. 5. Induced current after electron injection (pþ illumination) for the MCz-n

detector irradiated with 8:80� 1014 n=cm2.
4. TCT measurements

The TCT (Transient Current Technique) has been used to study
the electric field profile within the reverse polarized diode. A red
laser (670mm) has been used to create optically generated free
carriers within the first few microns from the surface of the
device. The pulse length for the laser was 2 ns. One type of carrier
is immediately transported to the nearby electrode while the
other travels through the depleted detector bulk toward the
opposite electrode (holes drift to pþ electrode and electrons to nþ

electrode). Since only one carrier type contributes to the induced
current we speak of electron (pþ illumination) or hole injection
(nþ illumination). While travelling through the detector, the speed
of the carriers, and thus the induced current, depends on the
intensity of the local field by means of the relations

v ¼ mE ð1Þ

IðtÞ ¼7
q0

W
� v ð2Þ

where W is the thickness of the detector and v the drift velocity of
the carriers.

Thus, the induced current will be higher in the regions where
the carriers drift in a stronger electric field. In a detector with
positive space charge (n-type bulk), the induced current pulse
plotted against drift time shows a single peak immediately after
the charge (electrons in this case) injection. After change in
dominant space charge (SCSI) the peak in the induced current
appears later, when the drifting carriers reach the high electric
field region at the other side of the detector (the main junction
has moved).

Previous studies have shown that after irradiation at very high
fluences above about 1014neq MCz silicon diodes start to show
double-junction effects, i.e. the presence of two space charge
regions, one with positive charge (adjacent to the pþ contact) and
the other with negative space charge (near the nþ contact). This
behavior is seen in both n- and p-type devices. One possible
explanation is the activation of two (or more) different kinds of
charged defects in the proximity of the two contacts, due to the
strong band bending that occurs in these regions [7,11]: close to
the contacts, holes and electrons are trapped within deep defects
induced in the bulk by irradiation. This produces two regions with
an intense electric field, thus resulting in the formation of a
double peak in the current pulse shape.

In the present study, TCT was used on both MCz-p and MCz-n
silicon. Unless otherwise stated, all samples have been annealed
for 5 min at 80 3C. Irradiation of MCz silicon detectors with
neutrons introduces negative space charge in the detector bulk.
This can be seen from Figs. 4 and 5 for MCz-n devices. In Fig. 4,
even a relatively low dose of neutrons produces a negative space
charge region on the ohmic side of the diode which can easily be
seen from the current pulse shape for VbiasZ280 V. Irradiation at
higher fluences makes this second peak predominant over the first
one. The effect is the same as observed in MCz-p silicon (Fig. 6). In
this case the negative space charge increases close the main
junction, even if a small electric field close to the ohmic contact
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Fig. 6. Induced current after hole injection (nþ illumination) for the MCz-p

detector irradiated with 1� 1014 n=cm2.
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Fig. 7. Induced current after electron injection (pþ illumination) for the MCz-p

detector irradiated with 1� 1014 n=cm2.
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Fig. 8. Induced current after electron injection (pþ illumination) for the MCz-n

detector irradiated with 1:7� 1014 p=cm2.
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Fig. 9. Induced current after electron injection (pþ illumination) for the MCz-n

detector irradiated with 14� 1014 p=cm2.
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Fig. 10. Induced current after hole injection (nþ illumination) for the MCz-p

detector irradiated with 1:7� 1014 p=cm2.
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forms due to a positive space charge; this can only be observed by
illuminating the ohmic contact (Fig. 7—it should be noted here
that the absolute height of peaks between illumination from the
two sides is not directly comparable due to the different apertures
of the silicon exposed to the laser light while illuminating the two
contacts).

The situation is radically different after irradiation with
24 GeV/c protons. In this case, also at very low fluences, a
pronounced region of high field can be observed close to the pþ

contact, thus indicating the presence of positive space charge in
this region (see Figs. 8 and 9). This effect can also be seen in MCz-
p silicon, where a saddle in the current pulse shape is visible even
at very low fluences (Figs. 10 and 11). Also in this case there is,
however, the introduction of negative space charge near the nþ

junction, as can be seen from Figs. 8 and 9. At higher fluences
(Figs. 12 and 13), the negative space charge is still visible, though
to obtain information about the dominant peak, the pulses should
be corrected for trapping. However, at the high fluences studied in
this work, the uncertainty associated to the trapping times
determined is too high and provides inconsistent results [12].
No estimation of trapping time is hence proposed in this work.

Diodes from the SMART set, irradiated with 24 GeV/c protons,
were annealed at 80 3C for 1000 min, to make the TCT measurements
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Fig. 11. Induced current after electron injection (pþ illumination) for the MCz-p

detector irradiated with 1:7� 1014 p=cm2.
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Fig. 12. Induced current after hole injection (nþ illumination) for the MCz-p

detector irradiated with 14� 1014 p=cm2.
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Fig. 13. Induced current after electron injection (pþ illumination) for the MCz-p

detector irradiated with 14� 1014 p=cm2.
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Fig. 14. Induced current after electron injection (pþ illumination) for the MCz-n

detector irradiated with 1:7� 1014 p=cm2 after 1000 min of annealing at 80 3C.
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Fig. 15. Induced current after electron injection (pþ illumination) for the MCz-n

detector irradiated with 14� 1014 p=cm2 after 1000 min of annealing at 80 3C.
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Fig. 16. Induced current after hole injection (nþ illumination) for the MCz-p

irradiated with 1:7� 1014 p=cm2 after 1000 min of annealing at 80 3C.
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Fig. 17. Induced current after hole injection (nþ illumination) for the MCz-p

detector irradiated with 14� 1014 p=cm2 after 1000 min of annealing at 80 3C.
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comparable with the last point from the CV study (Figs. 2 and 3).
MCz-n diodes actually show a junction on the ohmic side that
rises with annealing (Figs. 14 and 15, as compared to Figs. 8
and 9).

For the MCz-p samples, on the other hand, the electric
field at the nþ junction is becoming predominant over the
electric field on the ohmic junction during annealing (Figs. 16
and 17).
5. Discussion of results

In this work, results on neutron and 24 GeV/c proton irradiated
n- and p-type MCZ silicon diodes produced by four different
producers have been presented using the CV and TCT methods.
Irradiation with neutrons introduces negative space charge close
to the nþ contact, moving the main junction on this side of the
detector. The effect is so dramatic that it can be seen from TCT
curves even without trapping correction. On the other hand,
annealing curves suggest that, following irradiation with 24 GeV/c
protons, positive space charge is introduced within the detector
bulk, resulting in even higher electric field strength in proximity
of the pþ contact. For the highest fluence studied here
(1:6� 1015 neq=cm2), this positive space charge ultimately leads
the MCz-p diode to show an n-type annealing behavior, suggest-
ing that the main junction has moved on the ohmic contact side.
This conclusion is supported by the TCT curves, where the
junction in proximity of the pþ contact has been shown to
increase with fluence, though it was not possible to perform a TCT
on the highest irradiated sample due to the very high depletion
voltage ð41200 VÞ.

To obtain clear information from TCT measurements about the
dominating junction, the pulses should be corrected for trapping.
However, at the present time, no precise trapping time measure-
ments at these fluences are available.
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