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Abstract

The microscopic damage produced in diodes made of n-type Magnetic Czochralski (MCz) silicon by 24 GeV and 26
MeV protons, up to the fluence of 1.0 · 1015cm−2 1MeV equivalent neutrons, has been investigated and results are
compared to the damage produced in devices made of standard Floating Zone (STFZ) silicon. It is found by means of
Termally Stimulated Currents (TSC) that the production of a radiation induced charged defect is enhanced in MCz,
and might be in part responsible for the differences observed in the two materials at room temperature. The influence
of defects on the sign of the space charge density has been studied by current transients at constant temperature
i(T, t) and by Transient Current Technique (TCT). Type inversion is not revealed up to the highest investigated
fluence. Full depletion voltage Vdep measurements versus fluence exhibits a minimum close to 2 · 1014cm−2 1MeV
equivalent neutrons; at the same fluence, Vdep measured as a function of annealing time changes its initial slope from
positive to negative. It is shown by numerical simulations that these features can be accounted by the formation of
a double junction, even in absence of type inversion.

Key words: silicon, radiation damage, type inversion, deep levels, TSC, TCT, current transients
PACS: 71.55.Cn, 29.40.Wk, 61.80.Hg, 61.82.Fk

1. Introduction

The CERN Large Hadron Collider luminosity in-
crease up to 1035cm−2s−1 is already envisaged [1]
and this upgrade will be very challenging for the in-

? This work has been performed in the frame of the INFN
project SMART and of the CERN collaboration RD50.
∗ Corresponding author. E-mail address:
scaringella@fi.infn.it. Tel.:+39 055 496350. Fax: +39 055
4796342.

ner tracking detectors, which will be exposed to a
fluence of about Φ = 1.6 · 1016cm−2 1MeV equiv-
alent neutrons at a radial distance of 4 cm. Here
and in the following, fluences will be often expressed
as 1 MeV equivalent neutrons per square centime-
ter (n/cm2) [2], to compare samples irradiated with
protons of different energy.

The CERN RD48 [3] collaboration already
demonstrated the improved radiation tolerance of
Diffusion Oxygenated Float Zone (DOFZ) silicon
bulk, with respect to Standard Floating Zone silicon
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(STFZ), related to the higher oxygen concentra-
tion of the former material ([O] ∼ 2 · 1017cm−3).
Nowadays, magnetic Czochralski (MCz) [4] ingots
suitable for detector production are available. This
material has a higher oxygen concentration ([O] ∼
5 · 1017cm−3) throughout the ingot and appears to
be a very promising material for radiation-tolerant
cost-effective detectors. MCz offers the same trap-
ping times [5] and reverse current [6] as STFZ, but
has an improved long term annealing, as deduced
from measurements on diodes irradiated up to
7 ·1014n/cm2, exhibiting a lower stable damage rate
[7]. In addition, a proper fabrication process does
not induce the formation of thermal donors into the
material nor changes the effective doping concentra-
tion of the substrate [8,9]. Type inversion has been
investigated by TCT and it has been found that
MCz does not type invert up to 3 · 1014n/cm2 [5].
Similar results have been obtained after 900 MeV
electrons irradiation up to a fluence of 6 · 1015cm−2

[10] and low energy protons up to 5 ·1014n/cm2 [11].
In n-type STFZ Si, type inversion is usually de-

duced from the behavior of depletion voltage with
fluence, Vdep(Φ), and from the shape of annealing
curves Vdep(Φ, t), t being the annealing time spent
at constant temperature after the delivery to the
sample of the fluence Φ. Close to the fluence of
type inversion Vdep(Φ) falls to zero and then starts
growing again, while the initial slope of annealing
curves dVdep/dt changes its sign from positive to neg-
ative. A common feature observed in MCz in many
of the cited works is that Vdep(Φ) exhibits a min-
imum without reaching zero. Anyway, TCT mea-
surements [5] and other tests [10] suggested that this
fact should not be considered an indication of type
inversion occurrence. The aims of this paper are to
relate the lower stable damage rate in MCz to the
radiation induced defect population; to investigate
the effect of deep levels on the sign of space charge
density; to explain the occurrence of a minimum of
Vdep(Φ) and a change in the sign of annealing curves
initial slope in absence of type inversion.

2. Samples and Experimental Methods

2.1. Samples

The bare Czochralski material used in this study
(<100>, thickness w = 300µm, resistivity ρ >
500Ωcm) belongs to MCz 4” wafers produced by
Okmetic Ltd. (Vantaa, Finland). Wafer processing

Table 1
Samples used in this work. The fluences, expressed in protons
and equivalent 1MeV neutrons per cm2, are reported here.
TCT measurements have been carried out without annealing.
Sample (a) received a heat treatment of 21 hours at 60◦C
annealing, samples (b) 6 minutes at 80◦C.

Material Irradiation Fluence Fluence Tests

(protons) (·1014p/cm2) (·1014n/cm2)

MCza 24 GeV 4.16 2.50 TSC,i(T,t)

MCzb 26 MeV 3.68 0.80 i(T,t),i-DLTS

MCzb 26 MeV 1.47 2.72 i(T,t)

MCz 26 MeV .73-5.54 1.35-10.2 Vdep(Φ, t)

MCz 24 GeV 5.10-21.7 3.06,9.24 TCT

STFZb 26 MeV 1.10 2.04 TSC,i(T,t)

was performed by ITC-IRST (Trento Italy) with
sintering at 380 ◦C and without low temperature
oxidation (LTO). Multiguard diodes used in these
studies have a square p+ implant of ∼ 14mm2

active area with a central circular hole on metal-
lization to allow current injection by light. STFZ
wafers (< 111 >, ρ ≥ 6kΩcm) were also produced
with a standard process to compare performances.
Diodes have been irradiated with 24 GeV protons
at the CERN-SPS, and with 26 MeV protons at the
cyclotron of the ForschungZentrum in Karlsruhe. A
list of the samples used in this study is reported in
Table 1.

2.2. Setup

The diodes have been electrically characterized
before and after irradiation by means of capacitance
versus voltage C(V) measurements [12]. The guard
ring of the diodes has always been connected to the
ground potential. An Agilent HP4142B was used as
voltage source and an Agilent HP4285A as LCR-
meter.

Thermally Stimulated Currents (TSC) experi-
ments [13] were carried out using an electrometer
(Keithley 6517A) which provides sample bias, low
temperature forward injection and current reading.
The cooling setup makes use of a liquid helium de-
war. The sample holder is mounted on a steel hollow
tube and can be lowered inside the dewar at differ-
ent heights above the liquid surface. The distance
between the sample and the liquid helium surface
determines the injection temperature. A heating
resistor allow one to vary the temperature of the
diode. The heating rate was always β ' 0.1K/s.
The temperature sensor is a silicon diode (Lake
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Shore DT-470-CU11).
In i(T, t) measurements the diode is kept under

reverse bias and current transients are measured af-
ter a carrier injection produced by a pulsed infrared
light emitting diode (wavelength λ ∼ 940 nm). The
duration of the excitation pulses was tp = 10ms.
Transients i(t, T ) are measured using a custom read-
out circuit [14], whose output is monitored by a
digital oscilloscope (Tektronix TDS520D). Current-
Deep Level Transient Spectroscopy (i-DLTS) spec-
tra are obtained from transient samples at time t1
and t2 as S(T ) = i(T, t1) − i(T, t2) during a slow
thermal scan (β < 0.07k/s)).

The TCT setup includes a 500 MHz LeCroy oscil-
loscope for current response digitizing. Laser pulses
with a wavelength 670 nm and 1 ns duration were
used for nonequilibrium carrier generation at the p+

side of studied detectors.

3. Experimental Results

3.1. Vdep and annealing measurements

The annealing curves Vdep(Φ, t) of MCz samples
irradiated at various fluences of 26 MeV protons are
shown in fig. 1. In general, a short term annealing
is followed by a long term one. The end of short
term annealing process is approximately indicated
by solid markers, while error bars denote the un-
certainty related to this evaluation. The uncertainty
associated to any voltage value (not shown by error
bars for the sake of clearness)is ±20V . The deple-
tion voltage values at the end of short term anneal-
ing are used to draw the plot Vdep(Φ) shown in fig.
2. It can be seen from fig. 1 that the initial slope
of annealing curves changes from positive to nega-
tive as the fluence is raised from 1.35 ·1014n/cm2 to
5.44 ·1014n/cm2. The minimum of Vdep(Φ) occurs in
the same fluence range, close to 2 · 1014n/cm2. The
depletion voltage values measured after 4 min of an-
nealing, as customarily done in the study of STFZ
devices, are reported in the figure too. It can be ob-
served that the general trend of Vdep(Φ) curves is not
too sensitive to the conventional duration of short
term annealing, and that the minimum of these pro-
files is always found close to 2 · 1014n/cm2.

3.2. Thermally Stimulated Currents

The TSC spectra of two MCz and STFZ samples,
irradiated up to a similar equivalent 1 MeV neutron

fluence, are shown in fig 3. Different reverse biases
ranging from 10 V to 200 V have been used, in or-
der to study the saturation of signal amplitude and
to reveal the occurring of Poole Frenkel (PF) effect
(a peak shift at lower temperature as reverse bias is
incresed). As a matter of fact, the amplitude of each
peak is proportional to the number of emitting lev-
els inside the depleted volume, and saturates when
the applied bias is high enough to fully deplete the
bulk. The peak observed close to 70 K is due to
Vacancy-Oxygen (V O). CiCs complex, whose for-
mation is strongly suppressed in oxygenated mate-
rials [15], contributes to this peak in STFZ materi-
als too. The peaks in the range 40-55 K are due to
a group of traps with activation energy around 0.1
eV, formerly detected in γ-ray and ion irradiated
diodes [16]. Finally, the peak slightly above 30 K, la-
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Fig. 1. Annealing curves of MCz samples irradiated ad var-
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beled as ”SD”, can be attributed to a defect which
is charged after emission, since it exhibits PF effect.
TSC analysis indicates that thermal donors are not
activated in MCz by irradiation [8]. In STFZ the
TSC signal saturates with increasing voltage, while
in MCz full depletion could not be achieved. From
fig. 3 it is evident that the concentrations [V O] and
[SD] are at least 3 times and 5 times higher, re-
spectively, in MCz with respect to STFZ. Note that
the MCz samples have been measured after hours of
reverse annealing; on the contrary, the STFZ sam-
ple was measured at the end of beneficial anneal-
ing. However, reverse annealing is known to intro-
duce acceptor-like defect and VO is known to anneal
out above 300 ◦C [17], thus the following relation-
ships are expected to hold also in samples with the
same annealing history:[V O]MCz/[V O]STFZ > 3,
[SD]MCz/[SD]STFZ > 5.
The fact that [V O] is larger in oxygen rich material
is in agreement with former studies on DOFZ silicon
[19]. By integrating the area of the SD peak we can
evaluate the concentration and the introduction rate
of SD. We obtain in MCz: [SD] ≥ 1 · 1013cm−3 and
[SD]/Φ(1MeV neutrons) ≥ 4.7 · 10−2cm−1. This
introduction rate is close to the net acceptor intro-
duction rate found by Segneri et al. [7], ' 5.50 ·
10−2cm−1 and SD is expected to influence substan-
tially the space charge density at room temperature.

A detail of SD signal in TSC and i-DLTS spec-
tra emission from SD, recorded in the MCz sample,
is shown in Fig.4. The zero field activation energy
Ea = 85 ± 15meV and the apparent cross section
σa ∼ 10−14cm2 determine the best fit of the line-
shapes, as shown in the plots [18].

3.3. Current transients at constant temperature

Current transients at constant temperature i(T, t)
have been used to determine the inversion of the in-
vestigated samples. A non monotonic i(T, t) profile
indicates the occurring of space charge sign inversion
(SCSI) [20]. Current transients were recorded dur-
ing the emissions V

−/0
2 and I0/−. Using a timescale

of ≈ 1ms these emissions occur close to T = 250K
and T = 300K, respectively. A clear bump in tran-
sient profile is measured during V

−/0
2 in all the sam-

ples, indicating that a SCSI takes place during V2

discharge and that the materials are not inverted be-
tween V

−/0
2 and I0/− emissions. The transients mea-

sured on the MCz sample irradiated at Φ = 2.72 ·
1014n/cm2 are shown in Fig. 5. On the contrary, cur-
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Fig. 5. Current transients measured in MCz sample irradi-
ated at Φ = 2.72 · 1014n/cm2 at temperatures ranging from

T = 234K to T = 254K; the SCSI−/+ during V
−/0
2 emis-

sion can be observed.

rent transients measured close to room temperature
are very different in the two materials, as shown in
fig. 6. In STFZ the transients are non-monotonic and
exhibit a bump, indicating that SCSI occurs during
I0/− emission. A similar feature is not observed in
MCz samples, even if their shape is distorted and
far from exponential. Thus we can conclude that,
at room temperature, the STFZ sample is inverted
while the MCz samples are not. Similar results have
been obtained up to Φ = 6.48 · 1014n/cm2.

3.4. Transient Current Techniques

Two MCz samples irradiated by proton at the flu-
ence of 3.06 and 9.24 · 1014n/cm2 have been studied
using TCT method. The current pulse recorded in
the sample irradiated to 9.24·1014n/cm2 is shown in
fig. 7. At low bias voltage, the shape of TCT signal
exhibits a single peak for all three detectors. As the
bias is increased, the signal shape becomes doubly
peaked. This double-peak shape originates from the
electric field profile specific for heavily irradiated sil-
icon detectors. This profile has strong electric field
on both p+ and n+ sides denoting the appearing of
the double junction effect [21]. The measured pulse
shapes have been fitted according to the procedure
described in [25] in order to determine the electric
field distribution inside the sample. The results (fig.
7, right) show that, even at this fluence level, the
dominant junction is still on the p+ side. This sug-
gests that, in agreement with i(T, t) measurements,
the sample is not inverted.
Samples studied by TCT did not receive anneal-
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ing. However, beneficial annealing is equivalent to a
process of donor creation or acceptor removal, and
would not be able to produce type inversion of the
sample.

4. Discussion

TCT and i(T,t) analysis confirms that MCz sam-
ples are not type inverted at room temperature up
to the fluence of Φ = 1.3 · 1015n/cm2. Space charge
density in the STFZ sample becomes negative dur-
ing the transition I0/−; on the contrary, the space
charge density in MCz remains always positive af-
ter V

−/0
2 emission. This is consistent with a sup-

pressed generation of I defect in oxygen rich silicon,
already observed by other authors [19], and with the
enhanced generation of charged defects in MCz, re-
vealed by TSC, if they were donors. Anyway, it is

necessary to understand why, close to the fluence of
2·1014n/cm2, a minimum is observed in Vdep(Φ) and
a change in initial slope occurs in annealing curves
Vdep(Φ, t). These phenomena can be explained in
terms of double junction effect (DJ), as suggested
by the fact that, according to TCT results, a double
junction is formed in MCz even in absence of type
inversion. This situation is different from the case of
STFZ, in which the fluence of double junction for-
mation Φ0 is higher than the type inversion fluence
Φi. For instance, in neutron-irradiated high resis-
tivity STFZ samples Φi ' 1013cm−2, while Φ0 '
1014cm−2 [22]. We refer here to ”type inversion”
and not to ”space charge sign inversion” in order
to avoid the ambiguities arising from the formation
of two depleted regions with different space charge
sign. Type inversion may be determined by Hall ef-
fect measurements. In general, the fluences at which
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SCSI and type inversion occur are not exactly the
same.

Consider a MCz p+nn+ diode irradiated at a flu-
ence Φ0 < Φ < Φi. Let N1 and N2 be the effective
doping concentrations close to p+ and n+ implants,
respectively, such as the space charge densities are
ρ1 = eN1, ρ2 = −eN2, e being the elementary
charge. We will treat the two junctions as bipolar
junctions with uniform doping concentration. How-
ever, this is only a rough approximation, because ρ
is determined by three components:
1) residual dopant (let ND denote its concentration);

2) radiation induced donors and acceptors (with
net concentration NRD − NRA) such as SD and I
defect;

3) deep traps such as CiOi, V2, which are neutral
in the bulk but might remain charged close to im-
plants due to band-bending. Only a fraction Nt(x) of
total deep traps concentration NT remains charged
close to implants, producing a non uniform contri-
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bution to space charge density. It allows for the for-
mation of the double junction [23], and makes its
behavior quite different from a bipolar junction with
uniform doping. Vacancy clusters are not expected
to play a key role after proton irradiation [?].

In our situation, the bulk is not inverted and N1 is
due mainly to the contribution from residual phos-
phorus and from radiation induced donors and ac-
ceptors. On the contrary, N2 is due mainly to deep
electron traps, such as V2. In this picture, a cut off
fluence Φ0 for DJ formation arises from the fact that
the second junction (with negative space charge den-
sity) can exist only if: NT > ND + NRD −NRA.

It is convenient to replace the depletion voltage
with the quantity C = 2εVdep/(ew2), which has the
dimension of a concentration. Here ε is the abso-
lute silicon dielectric constant.In the case of a sin-
gle junction with doping concentration N , we would
get C = N . The problem of finding the form of
C(N1, N2) would require estensive numerical sim-
ulation to solve transport equations. As a first at-
tempt, we look for a function which satisfies some
basic requirements:
1) symmetry: C(N1, N2) = C(N2, N1). This is a
rough simplification because, as discussed above, the
two junctions are created by very different kinds of
localized states.
2) C ∼ N1 if N2 ∼ 0 (in this case we have a single
junction) and if N1 >> N2 (in which case the first
junction dominates over the second).
3) If N1 ∼ N2 the depletion voltage must be lower
than the voltage level that would be necessary to
deplete a single junction diode. In particular, due to
former symmetry hypothesis, if N1 = N2 we must
have C = N1/2 = N2/2. This is the phenomenon
which really produces a minimum in Vdep(Φ).
We will adopt the model function: C(N1, N2) =
(N1 + N2) − 3N1N2/(N1 + N2). The limit of this
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simple model is not due to the arbitrariness of this
function, but mainly to the symmetry requirement.
In order to predict in a simple way the effect of ir-
radiation, we model the evolution of N1,2(Φ) as:




N1(Φ) = N10 − b1Φ = b1(Φi − Φ)

N2(Φ) = b2(Φ− Φ0)
(1)

Here we have introduced two (positive) rates b1,2.
N10 is the doping level before irradiation and Φi =
N10/b1 is the fluence of type inversion. Equations
1 depends on 4 parameters (b1, b2, Φi,Φ0), but the
shape of C function is sensitive only on their relative
values. To evidence this we normalize C to its zero
fluence value, thus obtaining:




n1(φ) = (1− φ)

n2(φ) = s(φ− φ0)
(2)

Here s = b2/b1 is the ratio of defect introduc-
tion rates in the two junctions, while all the fluences
are normalized to the fluence of type inversion: φ =
Φ/Φi. If we substitute eq.(2) inside C(N1, N2) in
place of N1,2, we obtain a function C(φ) which has
the same shape of Vdep(Φ). The value of φ0 merely
stretches C along φ axis, and we choose it to be φ0 =
0.1. As an example, the curves which are obtained
with s spanning a wide range of values are shown in
Fig. 8. In agreement with measurements, the min-
imum value of C can be substantially higher than
zero and generally occurs at a fluence lower than
that of type inversion.

The effect of short term annealing, equivalent to
a net acceptor annihilation, can be modeled in a
similar fashion:



N ′
1(Φ, t) = N ′

1(Φ, 0) + a1t

N ′
2(Φ, t) = N ′

2(Φ, 0)− a2t.
(3)

Here a1,2 are two (positive) rates. It is conve-
nient to divide right and left hand sides of these
equations by N ′

2(Φ, 0), thus obtaining the ratio
r = N ′

1(Φ, 0)/N ′
2(Φ, 0) ≈ n1(φ)/n2(φ); then we

rescale time axis by introducing the new variable
τ = a1t/N2(Φ, 0). At the end we get (k = a2/a1):



n′1(φ, τ) = r + τ

n′2(φ, τ) = 1− kτ
(4)

After having replaced by these expressions
(N1, N2) in C(N1, N2), a set of curves C̃(φ, τ), hav-
ing the same shape of annealing curves Vdep(Φ, t),
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are obtained. The initial slope of these curves,
(dC̃/dτ)(φ, 0), calculated with k = 1, is shown in
the bottom of 8. In agreement with experimental
results, the fluence at which the initial slope of C̃
changes its sign is very close to the fluence of C
minimum, and may be significantly lower than the
fluence of type inversion. The effect of having k 6= 1
is just to shift the fluence at which C̃ changes its
slope with respect to the fluence corresponding to
the minimum of C.

5. Conclusions

Microscopic damage produced by 24 GeV and 26
MeV protons, up to the equivalent 1MeV neutrons
fluence of 1.3 · 1015n/cm2 in n-type high resistiv-
ity Magnetic Czochralski (MCz) Si, has been inves-
tigated. The analysis has been carried out also on
companion diodes made of standard Floating Zone
(STFZ) silicon, in order to compare the radiation
damage in the two materials. The relationship be-
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tween microscopic disorder and type inversion has
been studied, and the particular features of deple-
tion voltage and annealing experiments have been
discussed in terms of radiation induced deep levels.

Localized energy levels produced by radiation
have been studied by Thermally Stimulated Current
spectroscopy in the temperature range 10 − 80K.
It has been found that no thermal donors are acti-
vated in MCz; however a radiation induced charged
defect has been found in MCz in a concentration at
least five time higher than in STFZ. This energy
state gives a substantial contribution to the space
charge density at room temperature. In particular,
if this level was a donor, it could be responsible for
the lower stable damage rate measured in MCz.

The influence of defects on the sign of the space
charge density has been investigated by current
transients at constant temperature i(T, t) and by
Transient Current Technique (TCT). Type inver-
sion is not revealed in MCz up to the highest in-
vestigated fluence. Thus the minimum measured
in depletion voltage Vdep(Φ) close to 2 · 1014cm−2

and the change in initial slope of annealing curves
Vdep(Φ, t) in the same fluence range cannot be con-
sidered a signature of type inversion. It is then
shown by means of numerical simulations that these
feature of depletion voltage measurements can be
explained in terms of the formation of a double
junction at a fluence lower than type inversion one.

Further TCT investigations on MCz samples
irradiated by protons at fluences higher than
1 · 1015n/cm2 and by neutrons have been carried
out and data analysis is presently under way.
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