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Abstract

This study focuses on the properties of the BiOi (interstitial Boron - interstitial Oxygen) and CiOi (interstitial Carbon - interstitial
Oxygen) defect complexes by 5.5 MeV electrons in low resistivity silicon. Two different types of diodes manufactured on p-type
epitaxial and Czochralski silicon with a resistivity of about 10 Ω·cm were irradiated with fluence values between 1 × 1015 cm−2 and
6 × 1015 cm−2. Such diodes cannot be fully depleted and thus the accurate evaluation of defect concentrations and properties (acti-
vation energy, capture cross-section, concentration) from Thermally Stimulated Currents (TSC) experiments alone is not possible.
In this study we demonstrate that by performing Thermally Stimulated Capacitance (TS-Cap) experiments in similar conditions
to TSC measurements and developing theoretical models for simulating both types of BiOi signals generated in TSC and TS-Cap
measurements, accurate evaluations can be performed. The changes of the position-dependent electric field, the effective space
charge density Neff profile as well as the occupation of the BiOi defect during the electric field dependent electron emission, are
simulated as a function of temperature. The macroscopic properties (leakage current and Neff) extracted from current-voltage and
capacitance-voltage measurements at 20 °C are also presented and discussed.
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1. Introduction

In order to cope with extraordinary high particle rates up
to 200 p–p collisions per bunch crossing in High Luminosity
Large Hadron Collider (HL-LHC) experiments, new types of
silicon sensors were developed e.g. Low Gain Avalanche De-
tectors (LGADs) [1–3], and High Voltage CMOS devices (HV-
CMOS) for inner tracking detectors [4–8]. Both types of sen-
sors as well as the new pixel and strip devices will be manu-
factured on boron doped (p-type) silicon. The degradation of
the performance of these sensors is due to the expected high
radiation field. For instance, exposing the LGADs to a particle
radiation field leads to the reduction of the internal gain value
with increasing fluence. This degradation is caused by a de-
activation of the active boron in the highly doped p-type gain
layer (about 5 × 1016 cm−3), which leads to a reduction of the
space charge and consequently, a lowering of the electric field
followed by a decrease in charge multiplication in this layer.

In general, the deactivation of the boron dopant is a pro-
cess called boron removal. A possible way to reduce boron
removal is a co-implantation of carbon into the gain layer [2].
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The assumed mechanism behind this effect is the competition
between the displacement of substitutional boron (Bs) and sub-
stitutional carbon (Cs) by primary silicon interstitials (SiI) into
interstitial positions (Bi) and (Ci), respectively. Both interstitial
atoms are mobile at room temperature and can react with differ-
ent impurities, ending up e.g. in the formation of BiOi or CiOi
defects [9–14]. Although both defects have donor states in the
bandgap of silicon, the BiOi act as a trap for electrons and the
CiOi as hole trap. At room temperature (RT) the BiOi is pos-
itively charged and its concentration affects the effective space
charge density (Neff) while CiOi is in a neutral charge state with
no influence on Neff. The CiOi defect has an energy level in the
lower half of the bandgap of silicon, with an activation energy
of 0.36 eV and temperature dependent capture cross sections
for holes and electrons [14]. On the other hand, the BiOi de-
fect is a coulombic center having an energy level in the upper
half of the silicon bandgap with activation energy depending
on the electric field, experimentally determined to be between
0.24 and 0.26 eV [13], and independent on temperature capture
cross sections of 1 × 10−14 cm2 for electrons and 1 × 10−20 cm2

for holes [9, 12].
The reactions with these defects are still under investigation

and are of high relevance for improving the radiation hardness
of LGADs. In order to get more information about the introduc-
tion of both defects and their interplay as well as a quantitative
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determination of the boron removal rate, the main goal of this
work is to accurately characterize the radiation-induced defect
complexes BiOi and CiOi, and evaluate the boron removal rate
in highly boron-doped silicon diodes with different carbon con-
centrations.

The investigated n+-p diodes were manufactured on 10Ω·cm
p-type epitaxial silicon (EPI) and Czochralski material (Cz),
and exposed to high fluences of 5.5 MeV electrons in the range
of (1-6) × 1015 cm−2. The radiation-induced defect complexes
BiOi and CiOi were investigated by means of the Thermally
Stimulated Current technique (TSC). One problem in the eval-
uation of the defect concentrations from the measured TSC
spectra arises from the fact that the irradiated low resistivity
diodes can only be partially depleted during the temperature
scan, due to the limit of the maximal reverse voltage which can
be applied. That means, that the depleted volume is beforehand
not known for the temperature range of the charge emission
of the defects. We show that this problem can be overcome if
in addition to TSC experiments Thermally Stimulated Capac-
itance (TS-Cap) method is employed. This method allows the
determination of the depleted volume at any temperature.

The paper is structured as follows. In section 2 the experi-
mental details about the used diodes manufactured on p-type
epitaxial (EPI)- and Czochralski (Cz)-silicon, the irradiation
with 5.5 MeV electrons and the methods for the investigation of
the macroscopic and microscopic properties of the devices are
presented. In section 3 we provide the results of the current-
voltage and capacitance-voltage measurements. Next, section 4
is dedicated to TSC and TS-Cap experiments, data simulation
and analyses, with a focus on the Boron-Oxygen (BiOi) defect
complex and its correlation with the boron removal process.

2. Experimental Details

All the investigated diodes are produced by the company
– "Transistors" that belongs to Integral [15]. Five sets of n+-p
silicon diodes with a deep diffusion junction of 7.2 µm depth
were investigated [16]. Three of them (EPI-3, EPI-7, EPI-9)
are 50 µm thick epitaxial layers grown on a highly boron-
doped Cz substrate of 525 µm thickness and resistivity of
0.006 Ω·cm. Those three sets have the same boron content
of 1.1 × 1015 cm−3 in the epitaxial layer, corresponding to a re-
sistivity of about 10 Ω·cm. The other two diodes (Cz-3, Cz-7)
were processed on p-type Cz silicon with about the same resis-
tivity of 10 Ω·cm and a thickness of about 400 µm. Except for
boron the main impurities are oxygen and carbon. According
to [10] the Cz and EPI diodes have similar oxygen content, of
∼1.5 × 1017 cm−3, while the carbon content differs, being in
the range of 2-3 × 1016 cm−3 and 1.5-2 × 1015 cm−3 in Cz and
EPI, respectively. All diodes have been manufactured with-
out a guard ring structure [16]. The distance between the pad
boundary and the chip edge is roughly 100 µm for all diodes.

The irradiation with 5.5 MeV electrons was performed at
room temperature using the accelerator facility at Minsk. Since
the range of 5.5 MeV electrons is much larger than the thickness
of the EPI- and the Cz-silicon the distribution of the radiation
induced defects is uniform throughout the whole bulk of the

material. More detailed information can be found in [17]. The
achieved fluence values were in the range of (1-6) × 1015 cm−2.
For the calculation of the corresponding 1 MeV neutron equiv-
alent values, a hardness factor of 0.0398 was used according to
the Non-Ionizing Energy Loss (NIEL) data of I. Jun et al. [18].
More detailed information of the investigated diodes is summa-
rized in Table 1.

The macroscopic device performance of the investigated
diodes was measured by means of current-voltage (I–V) and
capacitance-voltage (C–V) characteristics. The radiation in-
duced changes in the effective space charge density Neff and the
full depletion voltage Vfd were determined from C–V measure-
ments at 10 kHz. The capacitances were measured with a LCR
meter in parallel mode.

For the characterization of the radiation induced electrically
active defects, the TSC and TS-Cap methods were used [19–
23]. The experimental setup consists of a closed cycle helium
cryostat Model SRDK-205 (Sumitomo Heavy Industries, Ltd,
Japan) equipped with a temperature controller Model 340 (Lake
Shore, US) and a Keithly 6517A electrometer with a voltage
source. For the TS-Cap a LCR meter 4263B from Hewlett
Packard is used. The experimental procedure consists of cool-
ing down the sample under zero bias to low temperatures (typ-
ically 10 K) where filling of the defects is performed for 30 s
either by forward biasing of the diode (electron and hole in-
jection by injecting 1 mA forward current) or 0 V filling (only
majority carrier (hole) injection). Then, the diode is reverse bi-
ased and a temperature scan is then recorded by measuring the
diode current (TSC) or capacitance (TS-Cap) during heating up
the device with a constant rate of β = 0.183 K s−1 [22]. It should
be mentioned here that the range of the reverse bias was chosen
that way that the current density was below the soft breakdown.
For example for EPI-3 and Cz-3 Vbias < 100 V. Isothermal an-
nealing experiments were performed up to 120 min at a tem-
perature of 80 °C for all irradiated diodes, with the subsequent
evaluation of the macroscopic and microscopic properties.

3. I–V and C–V characteristics

In this section, the measured I–V and C–V characteristics
of the irradiated sensors are presented and discussed. As an ex-
ample, in Fig. 1(a) the I–V curves of all EPI- and Cz-diodes
irradiated with different fluences are shown. As it can be seen,
for all diodes, except EPI-9 irradiated to 6 × 1015 cm−2, a so-
called soft breakdown occurs at a certain bias voltage. Such
behaviour may have different reasons, e.g. the diodes have no
guard ring limiting the current to the active pad size and exclud-
ing contributions from the outer surface region or edge and/or
the high electric field near to the n+-p junction triggers trap
assisted Poole-Frenkel or tunnelling effects [24, 25]. Neverthe-
less, determining the depleted depth w(V) from C–V character-
istics (Fig. 1(b) and (c)) and assuming that the active area A is
given by the n+-pad size, the depleted volume Vvol = A · w(V)
has been calculated and used for estimating the leakage current
density jd = I/Vvol as a function of the applied bias voltage
shown in Fig. 1(d). One would expect flat curves if edge ef-
fects and soft breakdown could be neglected. However, a soft
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Table 1: Device information

Label EPI-3 EPI-7 EPI-9 Cz-3 Cz-7

Initial doping concentration Neff, 0 (cm−3) 1.1 × 1015 1.1 × 1015 1.1 × 1015 1.05 × 1015 1.05 × 1015

Initial resistivity (Ω · cm) ≈10 ≈10 ≈10 ≈10 ≈10
Electron fluence Φe (cm−2) 1 × 1015 4 × 1015 6 × 1015 1 × 1015 4 × 1015

Fluence value Φeq (cm−2)∗ 3.98 × 1013 1.59 × 1014 2.39 × 1014 3.98 × 1013 1.59 × 1014

Area A (cm2) 0.0621 0.0621 0.0621 0.029 0.029
Thickness d (µm) 50 50 50 400 400
Carbon concentration [Cs] (cm−3) 2 × 1015 2 × 1015 2 × 1015 3 × 1016 3 × 1016

Oxygen concentration [OI] (cm−3) 1.5 × 1017 1.5 × 1017 1.5 × 1017 1.5 × 1017 1.5 × 1017

∗ 1 MeV neutron equivalent fluence
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Figure 1: (a) Current-voltage characteristics of the 10 Ω·cm diodes, irradiated with 5.5 MeV electrons Φe = 1, 4, 6 × 1015 cm−2. Measurements conditions: T =
20 °C, humidity ≤ 10%. (b) C–V characteristics and (c) Depleted Depth vs

√
V of the same 10 Ω·cm diodes presented (a). Measurements conditions: VAC = 0.5 V.

Frequency = 10 kHz. (d) Density of leakage current ( jd) versus bias voltage V .
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breakdown behaviour is observed in all diodes, except EPI-9.
According to Fig. 1(c), w is plotted as a function of

√
V , in the√

V range of (6-10) V0.5 (V between 36 V and 100 V), where
the edge effects do not contribute to the rise of the current, w
is proportional to

√
V (except for the diode Cz-7), a typical for

the bulk generation current. An average current density Jd was
taken in the voltage range from 50 V to 100 V, where, a small
linear increase of the current is recorded, due to the extension
of the electric field in the lateral area of the electrodes in the
absence of grounded guard rings.

The average values Jd of the current densities are plotted
as function of the electron fluence Φe in Fig. 2, showing an
approximately linear increase. The current related damage pa-
rameter α, given by:

α =
∆Jd

∆Φe
(1)

had been evaluated to α = (3.2 ± 0.2) × 10−19 A cm−1. Such
a small α value was also observed in previous experiments on
5.5 MeV electron damage induced in n-type silicon [26]. Ac-
counting for the hardness factor of 0.0398 the current related
damage parameter becomes α = 0.8 × 10−17 A cm−1, being
smaller compared to the value of α = 4 × 10−17 A cm−1 de-
termined for hadron irradiation and an annealing of 80 min at
60 °C (see e.g. [22, 27, 28]).

The C–V characteristics were measured for 4 different fre-
quencies (230 Hz, 445 Hz, 1 kHz and 10 kHz). A slight fre-
quency dependence is observed and the related explanation can
be found in reference [29, 30]. The relative deviations mea-
sured at 200 V between the values measured at frequencies of
230 Hz and 10 kHz are below 4% for all the samples.

The effective space charge density profile Neff(w(V)) and
the depletion depth w(V) were extracted from the 10 kHz C–V
curves (see Fig. 1(b)) according to Eq. (2) and Eq. (3):

Neff(V) =
2

ϵ0ϵrA2q0 d(1/C2)/dV
(2)

w(V) =
ϵ0ϵrA
C(V)

(3)

Where C is the measured capacitance, ϵ0 is the permittivity of
vacuum, ϵr the relative permittivity of silicon (11.9), q0 is the
elementary charge, A is the active pad area. Fig. 3 presents
the calculated Neff(w(V)) profiles for the EPI- and Cz-diodes,
irradiated with different fluences.

With increasing fluence, the profiles of Neff are shifting to
lower values, a fact that is expected mainly due to the deactiva-
tion of the initial boron concentration caused by irradiation, the
so-called boron removal effect. Of course, some hole traps e.g.
H(140K) and H(152K) will also affect the space charge den-
sity Neff but their concentrations are much smaller compared
to the concentration of the BiOi defect ([H140K + H152K] ≈
2.5 × 1013 cm−3 and [BiOi] ≈ 4.5 × 1014 cm−3 in EPI-9).

The isothermal annealing behaviour of the generation cur-
rent density Jd at 80 °C is depicted in Fig. 4. The observed
changes with annealing time are much smaller compared to the
ones observed for a 23 GeV proton irradiated 10 Ω·cm EPI-
diode, which are also included in Fig. 4 [13].

Due to the significant affection by lateral effect especially
in Cz diodes, it is deserved to mention the error in the extracted
Neff and jd. In this work, the lateral effect was estimated by the
difference on jd as shown in Fig. 1(d), under the assumption
that the lateral effect in EPI diodes can be neglected. Thus,
for applied bias voltages of 100 V and 200 V, the error will
rise from 0.7% up to 36% for Cz-3 and from 5% to 49% for
Cz-7, respectively. The Vbias = 100 V corresponds to depleted
depths of about 11 µm and 14 µm for the diode Cz-3 and Cz-
7, respectively. Only the Jd values from EPI-diodes were used
to extract α. Thus the error for the Jd was estimated from the
bias interval for averaging and resulted in a value of 3%. This
introduces an uncertainty of 5% in the obtained α value.

0 1 2 3 4 5 6 7
Electron fluence [×1015 cm−2]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Av
er

ag
e 

cu
rre

nt
 d

en
sit

y J
d [

m
A/

cm
3 ] Cz

EPI
Fit

Figure 2: Average current density Jd versus. electron fluence (details see text).
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using Eq. (2) and Eq. (3).
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Figure 4: Jd versus. annealing times at 80 oC. The data for 23 GeV proton irra-
diation correspond to a 10 Ω·cm resistivity EPI-diodes with A = 0.06927 cm2,
and have similar Neff and d to electron irradiated EPI-diodes.

4. Results from TSC and TS-Cap measurements

The Thermally Stimulated measurement techniques were
used to investigate the defect complexes induced by irradi-
ation with 5.5 MeV electrons, especially the boron-oxygen
(BiOi) and the carbon-oxygen (CiOi) defects in the EPI- and
Cz-materials. Figure 5(a) shows the TSC spectra measured
on all diodes (EPI- and Cz-samples) irradiated with different
fluences after injecting both electrons and holes (1 mA for-
ward injection) at 10 K. Figure 5(b) presents the spectra of
the same diodes after filling the traps only with holes by cool-
ing the sample to 10 K under 0 V. As can be seen here, the
dominant TSC signal occurs at about 150 K and is attributed
to the carbon-oxygen (CiOi) defect complex. The CiOi signal
height in Cz-diodes is much larger compared to the EPI-diodes
at the same fluence, due to the higher concentration of carbon
in Cz silicon (see Table 1). While Fig. 5(b) shows only the
TSC peaks corresponding to hole traps, Fig. 5(a) reveals also
the ones corresponding to electron traps which can be filled
by a forward current injection. As it can be seen in Fig. 5(a),
there is a dominant peak in the temperature range between 90 K
and 100 K that is not even traced in the spectra depicted in
Fig. 5(b) corresponding to hole traps only. This dominant peak
corresponds to an electron trap, increases with increasing flu-
ence, shows a dependence on the electric field in the sensor, the
so-called Poole-Frenkel effect [24, 31, 32] as well as a depen-
dence on the impurity content (boron, oxygen, carbon) in the
material [9–11, 33] and thus, it is attributed to the BiOi defect
complex. Also, theoretical calculations support this identifica-
tion [33]. Because the diodes cannot always be fully depleted
during the temperature scan and for a better comparison of
the different spectra, the measured currents shown in Fig. 5(a)
and 5(b) had been normalized to the active depleted volume
(Vvol(V,T ) = A · w(V,T )). The w(V,T ) values were extracted
from the corresponding TS-Cap measurements.

The TS-Cap data are presented in Fig. 5(c) and Fig. 5(d)
corresponding to the TSC spectra shown in Fig. 5(a) and
Fig. 5(b), respectively. For the case of forward current injec-
tion the TS-Cap measurements show a drop of the capacitance
values in the temperature range of the BiOi emission. This cor-
relates with the change of the BiOi defect charge state, being
neutral when occupied with an electron at temperatures before
the emission starts and positively charged after the electron is
thermally emitted. This leads to a change of the space charge
density to a less negative value, corresponding to an increase in
the depleted width w(V,T ) and consequently to the drop of the
capacitance mentioned above. On the other hand, the increase
of the capacitance in the range of the CiOi emission (Fig. 5(d))
is due to the change of the charge state of the CiOi from pos-
itive (occupied by holes) to the neutral state after the holes
emission. Thus, the space charge density changes from less
negative to more negative leading to a decrease in the depleted
width w(V,T ) and an increase of the capacitance at the given
bias voltage. In both cases, the defect concentration can be de-
termined despite the fact that the detector is not fully depleted,
as the TS-Cap data can be used to determine the depletion depth
at any temperature (see section 4.1.). Further, it is known that
the BiOi is a coulombic center [9, 33] and thus the electron
emission from this defect is governed by the Poole-Frenkel
effect, manifesting in a shift of the TSC peak position to lower
temperatures with increasing bias voltage. A related shift is
then also observed in the TS-Cap curves (see e.g. Fig. 6).

It should be noted that the different values of Vbias used for
different samples were chosen according to the specific charac-
teristics of each diode. Because the aim of the study is to obtain
the concentration profiles for defects distributed in the bulk of
the diodes, measurements with large Vbias are preferred in or-
der to scan deep in the bulk of the samples. However, the bias
has to be limited to values avoiding the breakdown of the sam-
ples. Thus, while the EPI-9 diode withstands a Vbias =300 V
that fully depletes the sample over the entire temperature scan,
smaller biases could be applied on the other diodes Thus, the
maximum Vbias that could be safely applied were of 200 V on
EPI-7, of 100 V on Cz-7 and of 20 V for Cz-3 and EPI-3. For
larger bias values significant increase in the leakage current and
dielectric losses at low temperatures were observed.

A quantitative evaluation of defect concentrations from
TSC spectra of not fully depleted diodes is only possible if the
changes of the depleted depth in the corresponding temperature
ranges are known. This issue will be discussed in the following
section.

4.1. Evaluation of concentrations in case of partially depleted
sensors

The TSC method and evaluation of defect properties are de-
scribed in detail in numerous publications [19–23]. In our case
of not fully depleted devices and the traps homogeneously dis-
tributed in the bulk, the current for emission from an isolated
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Figure 5: (a) TSC Spectra after trap filling by forward current injection and (b) after filling with majority carriers (holes). Both types of spectra are measured on
EPI-(EPI-3, 7, 9) and Cz-diodes (Cz-3, 7) after irradiation with 5.5 MeV electrons. The applied bias voltages are indicated in the legends and each diode current
is normalized to their individual depleted volume (normalization factor 1/(A · w)), A = active pad area, w(V,T ) = depleted width. (c) and (d) are the TS-Cap
measurements corresponding to figures (a) and (b), respectively. The capacitance values are normalized to the pad area of each diode.
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Figure 6: Temperature shift of the BiOi TSC peak in the case of EPI-7 diode
(Φe = 4 × 1015cm−2) for different bias voltages (top) and the corresponding
shifts of the TS-Cap curves (bottom). The shifts are indicated by vertical lines
between the TSC peak maxima and the turning point of the TS-Cap curves.

electron trap Ie
TS C(T ) with the concentration nt(T0), is:

Ie
TS C(T ) = q0Ant(T0)

ˆ w(T )

0

x
w(T )

en(T, x) f (T, x)dx(4)

en = σn · vth,n · NC · exp
(
−

Ea

kBT

)
(5)

ep = σp · vth,p · NV · exp
(
−

E′a
kBT

)
(6)

f (T ) = exp
(
−

1
β

ˆ T

T0

(
en(T ′) + ep(T ′)

)
dT ′

)
(7)

where T is the measured temperature, w(T ) the depleted depth
at temperature T , x is the coordinate of the depth in the depleted
region, en and ep are the emission rates for electrons and holes,
respectively, NC and NV are the density of states in the conduc-
tion band and valence band, respectively. The activation energy
for electrons is Ea = EC−Et and for holes E′a = Et−EV , where Et

is the energy level of the electron traps and EC,V the conduction
and valence band edge, respectively. σn,p is the cross section
for electrons and holes, vth,n,p is the thermal velocity for elec-
trons and holes. kB is the Boltzmann constant, f (T ) describes
the fraction of the defects occupied by electrons at temperature
T , β is the heating rate and nt(T0) is the density of defects that
are filled with electrons at T0. The NC , NV , vth,n,p values were

taken from [34] (NC,V = 2.540 933 × 1019 ·

(
m∗dC,V

m0

)3/2 (
T

300

)3/2
).

Eq. (4) defines the total current which accounts for the conduc-
tion and the displacement currents [19]. When f (T ) and en(T )
are not position dependent the Eq. (4) can be simplified to:

Ie
TS C(T ) =

1
2
· q0 · A · w(T ) · en(T ) · nt(T0) · f (T ) (8)

In the investigated p-type diodes, the BiOi defect, on which
this study is focusing, is detected in a TSC experiment only if
electrons can be injected at low temperature. This is done by
forward biasing the diodes at 10 K injecting both electrons and

holes. According to [12] the capture cross section for holes of
the BiOi defect is neglectable compared with the capture cross
section of electrons and thus, nt,0 is equal to the defect con-
centration Nt, and ep can be neglected. Thus, the BiOi defect
concentration can be determined by integrating the TSC corre-
sponding signal after filling with forward bias given by Eq. (8)
and considering the depleted volume:

Nt =
2
βq0
·

ˆ Te

Ts

Ie
TS C(T )

A · w(T )
dT =

2
βq0
·

ˆ Te

Ts

jtsc(T ) dT (9)

where jtsc is the thermally stimulated current density, Ts and
Te are the temperature of the start and the end of the electron
emission of the defect, respectively. It should be mentioned
here that Eq. (9) is only valid if the defect concentration and the
emission rate are position independent. For the investigated ir-
radiated diodes, three different situations have to be considered
when evaluating the BiOi concentration:

(i) At the lowest fluence of 1 × 1015 cm−2 the diodes EPI-3
and Cz-3 are partially depleted before and after emission of the
defect for all the applied bias voltages. As it can be observed
in Fig. 5(c) the capacitance stays nearly constant, i.e. also the
depletion depth w(T ) is constant in the temperature range of
interest. Therefore, Eq. (9) can be simplified to:

Nt =
2
βq0
·

ˆ Te

Ts

Ie
TS C(T )
A · w

dT =
2 · Q
q0Aw

(10)

Where w can be extracted from TS-Cap data as an average value
in the range Ts to Te.

(ii) The sensor is partially depleted before emission and
fully depleted after emission. This holds for the device EPI-
9, which was irradiated to Φe = 6 × 1015 cm−2. In this case, the
concentration can be evaluated from the TSC spectrum only if
w(T ) is extracted from TS-Cap measurements.

(iii) Similar to case (i), the sensors are partially depleted be-
fore and after emission, but C(T ) or w(T ) shows visible changes
in the temperature range where the electron emission from the
defect takes place(see Fig. 5(c) and 5(d) for the diodes EPI-7
and Cz-7). In this case, the corresponding defect concentration
can be directly extracted from the TS-Cap measurement as de-
scribed in the following.

For high defect concentration where the change in the oc-
cupancy of the defects due to the thermal emission of captured
electrons or holes leads to measurable variations of the capac-
itance with increasing temperature, the TS-Cap method can be
used to extract the defect concentration. For the BiOi defect the
TS-Cap can be described, in the 1-D approach, by the following
equations:

C(T ) =
ϵ0ϵrA
w(T )

(11)

with

w2(T ) =
2ϵ0ϵr(V + Vbi)
q0 · |N′eff(T )|

(12)

where
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N′eff(T ) = N0 − Nt · (1 − f (T )) (13)

Here C(T ) is the capacitance of the device at temperature T and
for a given bias voltage V , Vbi is the build-in voltage, which is
negligible compared to the applied bias voltage V . The term
N0 in Eq. (13) denotes the absolute Neff value before the start
of the electron emission of BiOi, i.e when all defect centers
are neutral and their contribution to the effective space charge
concentration is 0. The second term in Eq. (13) accounts for the
donor character of the BiOi defect, becoming positively charged
after thermal emission of captured electrons and thus leading to
a progressive reduction of N0 with increasing the temperature
until the electron emission from the defect ends. Assuming no
other defects with similar emission rates are present, [BiOi] is
given by:

[BiOi] =
2ϵ0ϵrV

q0

(
1

w2(Ts)
−

1
w2(Te)

)
(14)

Here w(T ) is extracted from Eq. (11) and Ts and Te are the
temperatures before and after the electron emission from BiOi,
respectively.

In Fig. 7(a) the BiOi and the CiOi concentrations extracted
from the TSC and TS-Cap measurements as a function of Φeq
are plotted for EPI- and Cz-materials. They were extracted via
Eq. (9) in the temperature range 80-105 K for [BiOi] and 120-
155 K for [CiOi]. Included are also the Neff values for both ma-
terials as extracted from C–V measurements performed at room
temperature. The Neff values were extracted from Fig. 3 and av-
eraged in the bias range of 1-100 V and 1-20 V for EPI and Cz
diodes, respectively. It can be seen from Fig. 5(c) and Fig. 5(d)
that after carrier emission from BiOi and CiOi the capacitance
remains almost constant, and presumably it is the same as at RT.
Therefore, using the Neff data from RT is appropriate and the
introduced errors are related to Neff averaging only. The con-
centrations of BiOi and CiOi defects that can introduce positive
space charge in the diodes are lower than the negative charge
provided by the Boron-dopant. Therefore, Neff remains nega-
tive in the entire scanned temperature range.

Assuming the boron removal rate R is given by R =
|(∆Neff)/(∆Φeq)|, the values of 2.18 cm−1 and 3.7 cm−1 are
obtained for Cz and EPI diodes, respectively. These values
were extracted from the slope (absolute value) of the linear fits
presented in Fig. 7(a). The difference of 41% between the Cz
and the EPI rates is attributed to the different amounts of carbon
content in both materials as given in Table 1. For the EPI-diodes
the change of Neff with fluence is roughly a factor 2 larger com-
pared with the increase of the BiOi concentration. This can
be explained by the boron removal process, i.e. the negatively
charged substitutional boron B−s is transformed into a positively
charged BiO+i defect (B−s → BiO+i ). For the Cz-material this
cannot be stated due to the strong non-uniform profile of the
space charge density (see Fig. 3). The introduction rates gBiOi

= [BiOi]/Φeq and gCiOi =[CiOi]/Φeq were extracted from the
linear increase with fluence, and are plotted in Fig. 7(b) as a
function of the carbon content in the EPI- and Cz-diodes. It is
obvious that the generation rate of the BiOi is much lower for

the material with the higher carbon content. On the other hand,
the increase of the CiOi generation rate with increasing carbon
content is an indication for the beneficial effect of the carbon
impurity in reducing the creation of BiOi. This dependence on
the carbon concentration has led to the approach of carbon co-
implantation into the gain layer of LGADs in order to improve
their radiation hardness [2].

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Φeq of 5.5 MeV electrons [×10
15

 cm
−2

]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
on

ce
nt

ra
tio

n 
[×

10
15

 c
m

−3
]

Neff (EPI)
BiOi (EPI)
CiOi (EPI)
Neff (Cz)
BiOi (Cz)
CiOi (Cz)

(a)

1015 1016 1017

Carbon concentration [cm−3]
0

1

2

3

4

5

In
tro

du
ct

io
n 

ra
te

 [c
m

−1
]

gBiOi (5.5 MeV e, 10 Ω ⋅ cm)
gBiOi (23 GeV p, 10 Ω ⋅ cm)
gCiOi (5.5 MeV e, 10 Ω ⋅ cm)
gBiOi+gCiOi (5.5 MeV e, 10 Ω ⋅ cm)

(b)

Figure 7: (a) Dependence of Neff, BiOi and CiOi defect concentration on the
Φeq of 5.5 MeV electrons for EPI- and Cz- diodes. The Neff values were ex-
tracted from Fig. 3 in the bias range of 1-100 V and 1-20 V for EPI and Cz
diodes, respectively. (b) Variation of gBiOi and gCiOi as a function of the Car-
bon content for EPI- and Cz- diodes. Included is the gBiOi value after irradiating
a 10 Ω·cm EPI diode with 23 GeV protons at Φeq = 4.3 × 1013 cm−3.

Included in Fig. 7(b) is also the introduction rate of BiOi
for an EPI-diode with the same Neff, 0 and irradiated with the
same Φeq of 23 GeV protons as the irradiation with 5.5 MeV
electrons. As it can be seen, the generation rate of BiOi defect
after 5.5 MeV electron irradiation is about a factor 1.6 larger
than the value determined after irradiation with 23 GeV protons.

In principle, both TSC and TS-Cap are performed with Vbias
where the lateral effect is not significant. However, the obtained
concentrations strongly depend on the integration ranges of the
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TSC spectra or the selection of Ts and Te. Thus, in this work,
the error of the extracted BiOi concentrations is given by vary-
ing Ts from 75 K to 80 K. The obtained errors for EPI-3, 7, 9
are 5%, 8% and 9%, for Cz-3 and 7 are 5% and 6%, respec-
tively. The slightly increasing errors are caused by the overlap-
ping peak at the low temperature tail possibly related to the X-
defect. The estimated errors of the Neff value shown in Fig. 7(a)
are due to the selected interval of averaging the data (see Fig. 3).
They are about 3% for all EPI diodes and 5% for Cz-3. For Cz-7
the estimated error is 20% due to the non-uniform profile.

4.2. Simulation of TSC and TS-Cap data for the BiOi defect
Compared to the TSC and DLTS methods the TS-Cap tech-

nique is rarely used to get information about radiation induced
defects. However, when high concentrations of defects are
involved, the method delivers important information on the
changes in the depletion depth during a temperature scan from
10 K up to room temperature, which can be used, via develop-
ing simulation models, to determine the defect type (capturing
electrons or holes) and trapping parameters (activation energy,
capture cross section of the emitted charge) as well as its con-
centration. In our simulations the following assumptions are
made:

• Lateral effects are neglected.

• The device is partially depleted in the temperature range
of interest.

• The series resistance of the non-depleted part of the de-
vice can be neglected.

Figure 8: Energy of an electron bound to a positive point charge in the presence
of a uniform applied field with the direction x along the bulk [32].

Because the BiOi is a coulombic trap center, the emission
rate en is not anymore a constant quantity with respect to the
applied bias voltage, but field dependent. By accounting for the
3-D Poole-Frenkel effect, the emission rate can be expressed
by [24, 31, 32]:

ep f
n (T ) = en,0(T ) ·

[(
1
γ2

)
(eγ (γ − 1) + 1) +

1
2

]
(15)

where

γ =

√
q0|E⃗|
πε0εr

·
q0

kBT
(16)

and en,0 denotes the field independent emission rate with
the so-called zero field activation energy Ea = Ea,0. |E⃗| is the
electric field in the sensor bulk and depends on the position x in
the depleted zone. According to the reference [32], the Poole-
Frenkel effect is given by the electrostatic energy of an electron
which is attracted to a single charged positive ion under the
influence of a uniform applied electric field (see Fig. 8). In
the diodes, especially highly doped ones, such an assumption
might not be fully valid, since the electric field distribution is
not uniform. Thus, in this paper, we introduce a parameter ξ
to modify the force between the positively charged ion and the
electron. Therefore, the γ value is modified to:

γ = ξ ·

√
q0|E⃗|
πε0εr

·
q0

kBT
(17)

In this case the Eq. (13) has to be revised to:

N
′

eff(T, x) = N0 − [BiOi] · (1 − f (T, x)) (18)

Furthermore, the electric field distribution E(T, x) in the de-
pleted bulk of the diodes is calculated from the corresponding
Poisson equation:

dE(T, x)
dx

=
q0 · N

′

eff(T, x)
ε0εr

(19)

The electric field E, the occupation fraction f and the N
′

eff are
temperature and position dependent. For coulombic centers, the
emission rate ep f

n has to be used for calculating the occupation
fraction defined in Eq. (7).

Considering the involved set of equations, an analytical so-
lution for simulating the TSC and TS-Cap experimental data
will be extremely complicated. Therefore, the finite element
method is used for simulating the experimental data. The de-
tails are presented in the Appendix.

In the following part, the simulation results and comparison
with the corresponding TS-Cap and TSC measurements will be
presented for two devices, both annealed for 2 h at 80 oC after
irradiation: the electron irradiated sample EPI-7 (see Table 1)
and a 50 Ω·cm p-type diode irradiated with 23 GeV protons to
Φeq = 4.3× 1013 cm−2 for which more detailed information can
be found in reference [13]. The measurement parameters for
both diodes are the same, i.e. Vbias = -100 V, heating rate β =
0.183 K/s and the frequency for the capacitance measurement
f = 10 kHz.

All parameters, the fixed and the adjusted ones, used for
the simulations of both diodes are summarized in Table 2. For
the presented data, the details about N0 can be found in the
Appendix. The simulation results for the EPI-7 diode are dis-
played in Fig. 9 (a-d). In order to reproduce the TS-Cap mea-
surement (Fig. 9(a)) the BiOi concentration was extracted via
the Eq. (14), the ξ value for the Poole-Frenkel effect was set
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Table 2: Parameters of simulation. E(T, x) represents the position and temperature dependent electric field and < E(T ) > is the average electric field in the diodes

Methods TS-Cap (E(T, x)) TSC (E(T, x)) TS-Cap (E(T, x)) TSC (E(T, x)) TS-Cap (< E(T ) >) TSC (< E(T ) >)
Irradiation Proton Proton Electron Electron Electron Electron

N0 (at 80 K) (cm−3) 1.1 × 1014 1.1 × 1014 5.1 × 1014 5.1 × 1014 5.1 × 1014 5.1 × 1014

[BiOi] (cm−3)* 3.5 × 1013 3.3 × 1013 2.3 × 1014 1.6 × 1014 2.3 × 1014 1.6 × 1014

Ea0 (eV)* 0.265 0.273 0.258 0.258 0.284 0.284
σn (cm2) 1.0 × 10−14 1.0 × 10−14 1.0 × 10−14 1.0 × 10−14 1.0 × 10−14 1.0 × 10−14

Area A (cm2) 0.06927 0.06927 0.0621 0.0.0621 0.0.0621 0.0.0621
ξ* 0.85 0.85 0.5 0.5 1 1

Adjusted parameters are indicated by *
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Figure 9: Simulation results of the BiOi generating signals in EPI-7 diode: (a) TS-Cap, comparison with experiment; (b) density of TSC signal, comparison with
the measured spectra; (c) and (d) the E(T, x) electric field distribution and the Neff(T, x) profiles, respectively, for different temperatures, from 80 K to 110 K, in
steps of 5 K. All simulations and given experimental data correspond to a reverse bias of 100 V applied during TS-Cap and TSC temperature scans.
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Figure 10: Simulation results of the BiOi generating signals in a 50 Ω·cm EPI diode irradiated with 23 GeV protons to Φeq = 4.3 × 1013 cm−2: (a) TS-Cap,
comparison with experiment; (b) density of TSC signal, comparison with the measured spectra; (c) and (d) the E(T, x) electric field distribution and the Neff(T, x)
profiles, respectively, for different temperatures, from 80 K to 110 K, in steps of 5 K. All simulations and given experimental data correspond to a reverse bias of
100 V applied during TS-Cap and TSC temperature scans.
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to ξ = 0.5 and the zero-field activation energy Ea0 = 0.258 eV.
With the same values for ξ and Ea0 parameters but a lower BiOi
concentration, the TSC signal could be reproduced in the tem-
perature range between 90 K and 105 K. The low temperature
tail, which can not be described by the simulation, is most prob-
ably due to the so-called X-defect (see Fig. 5 (a, b)). Contrary
to the TSC case, where the charge emission from the X defect
can be separated from that of the BiOi defect, in TS-Cap mea-
surements the contributions of both defects cannot be separated.
Therefore, the concentration extracted from the TS-Cap curve
is larger compared to the value derived from the TSC spectrum.

Included in Fig. 9 (a, b) are also the results from simula-
tions which use the position independent average electric field
< E(T ) > = Vbias/w(T ) where w(T ) is given by:

w(T ) =

√
2ε0εrVbias

q0N ′

eff(T )
(20)

Here N
′

eff(T ) is constant over the depth of the diode and given
by Eq. (13) where f (T ) is calculated with the average electric
field < E(T ) > of the previous temperature step. For this case,
the value ξ = 1 and a higher zero-field activation energy of Ea0
= 0.284 eV is needed in the simulation, in order to get the best
fit to the experimental data.

In Fig. 9 (c, d) the electric field distribution and the Neff pro-
files as a function of the depleted depth are plotted for tempera-
tures between 80 K and 110 K in steps of 5 K. As it can be seen
in Fig. 9(c), with increasing the temperature, the maximal value
of E(Tk, x = 0) decreases and the depleted depth increases. This
corresponds to the development of the effective space charge
density N

′

eff(Tk, x) for the different temperature steps as shown
in Fig. 9(d). Further, the distribution of the electric field shows
a constant gradient before and after the BiOi emission (below
85 K and above 100 K) and position dependent gradients dur-
ing emission of the BiOi in the range between 85 K and 100 K.
This is due to the non-uniform distributed space charge den-
sity resulting from the field dependent emission from the defect
energy level.

Similar simulations have been performed for the 23 GeV
proton irradiated diode and the results are presented in Fig. 10
(a-d). As it can be seen, the simulation of the TS-Cap sig-
nal, shown in Fig. 10(a), is in excellent agreement with the
measured data. In this case, the parameters from the mea-
sured C(T ) curve, by using the same procedure as for the
electron irradiated diode, are ξ = 0.85, Ea0 = 0.265 eV and
[BiOi] = 3.5 × 1013 cm−3. In Fig. 10(b) the corresponding
TSC data and simulated spectra are given. Also in this case
the simulation reproduces the data very well, but compared
with the TS-Cap simulations, the best agreement is found for
slightly different Ea0 and [BiOi] values, of Ea0 = 0.273 eV and
[BiOi] = 3.3 × 1013 cm−3. The ξ value is the same for both
simulations. The distributions of the electric field and the Neff
profiles are plotted in Fig. 10(c) and (d) for temperatures be-
tween 80 K and 110 K in steps of 5 K. In this case, the maximal
electric field E(Tk, x = 0) also decreases with increasing the
temperature while the depleted region depth increases. The
main difference to the electron irradiated device is the lower

field strength in the bulk.
For getting a better fit to the data, the [BiOi] for the sim-

ulation of the TSC spectrum (see Fig. 9(b) and Fig. 10(b)) is
adjusted. The [BiOi] extracted from the TSC spectrum by inte-
gration from 80 K to 105 K is about 13 % larger compared to
the value used for the simulation. This difference is due to the
low temperature tail in the spectrum which was not reproduced
in the simulation. For the EPI-7 diode, the significant differ-
ence of [BiOi] between TS-Cap and TSC is caused by some
unknown effect.

In principle, the Ea0 is known with value in between 0.27-
0.28 eV [13] with fixed σn = 1.05 × 10−14 cm2. The difference
of Ea0 between TSC and TS-Cap measurements for proton ir-
radiated diode is due to the difference in the temperature of the
peak maximum Tmax in the TSC spectrum and the temperature
of the turning point in the TS-Cap curve. The related effect
is still unknown. The difference of Ea0 between the proton and
electron irradiated devices might be caused by the different pro-
duction technology of both devices, the diode with a guard ring
(p irradiated) and the other one without. The explanation can be
proved by comparing the results from the EPI-diode irradiated
with protons ([13]). This diode has roughly the same Ea0 as the
one presented in Table 2 for proton irradiation.

For EPI-7 diode the difference in Ea0 between the two dif-
ferent electric field distributions (linear electric field E(x) and
homogeneous electric field distribution < E(T ) >) is 26 meV
(∼10%). The reason for this difference can be understood by the
fact that the emission rate ep f

n (T, E(x), Ea0) depends exponen-
tially on the electric field distribution. At a specific temperature
T , the emission rate is enhancing with E(x) and is decreasing
when increasing the Ea0 values. Thus, for the same bias volt-
age, the values of E(T, x) in the case of linear field distribution
and of the average electric field < E(T ) > coincide only in the
middle of the depleted width, in the front region of the junc-
tion E(T, x) being larger than < E(T ) > and in the back side
smaller. Consequently, the same measured TSC signal can be
reproduced in both cases if in the calculation of the emission
rates the values of Ea0 and ξ are smaller for a linear distribution
of the electric field than for the constant, average one. This has
with respect to the emission rate to be compensated by a lower
Ea0 or a lower ξ value compared to the constant field case in
order to reproduce the same measured TSC signal, as it can be
seen in Table 2.

Due to the fact that by using Eq. (16) the experimental data
could not be reproduced, a constant ξ was introduced for mod-
ifying the field dependence in the Poole-Frenkel effect. The ξ
values are different for linear and constant electric fields, 0.5
and 1.0, respectively, while for each E(x) distribution they are
the same for simulating the TSC and TS-Cap data.

5. Conclusion

In this work investigations of radiation damage of silicon
diodes manufactured on p-type EPI- and Cz-material with a re-
sistivity of about 10 Ω·cm and exposed to 5.5 MeV electrons of
different fluence values (1× 1015, 4× 1015, 6× 1015 cm−2) have
been performed. The macroscopic properties of the devices, the
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leakage current density Jd and Neff, were obtained from I-V and
C-V measurements. The microscopic properties of the BiOi and
CiOi defects were studied using the TSC and TS-Cap methods
and the results are discussed in connection with Boron removal
process observed in macroscopic measurements.

The main results obtained in this study are:

a) The density of leakage current Jd increases linearly with
the achieved fluence and the corresponding current re-
lated damage parameter is determined to be α = 3.2 ×
10−19 A/cm. Such a small value was also reported for
n-type silicon diodes after irradiation with 5.5 MeV elec-
trons [26]. Compared with hadron irradiation, the ob-
tained α parameter is much smaller, indicating that the in-
crease of the leakage current caused by low energy elec-
trons is substantially less than that caused by hadrons.
Also, the change of Jd with annealing time at 80 oC is
strongly suppressed compared with hadron irradiated de-
vices indicating that the irradiation with low energy elec-
trons creates less current generation centers and more sta-
ble defects.

b) The Neff decreases nearly linear with increasing fluence
and remains stable during the isothermal annealing at
80 oC, in agreement with the thermal stability of the BiOi
defect [28].

c) The development of BiOi and CiOi defects with fluence is
linear, however, with different introduction rates for EPI
and Cz materials, due to the different Carbon content in
the two materials (more in Cz than in EPI) and the com-
peting reactions between Boron and Carbon interstitials
with abundant Oxygen interstitials in silicon. Thus, while
the introduction rate of BiOi is much smaller in Cz than
in EPI material, of 0.63 cm−1 compared with 1.75 cm−1

as seen in Fig. 7(b), the opposite is happening for CiOi.
Similar behaviour was also reported in the RD50 collab-
oration program [10, 35].

d) The formation of BiOi defect is the main cause for the
change seen in Neff after irradiation with 5.5 MeV elec-
trons. This was nicely evidenced in EPI diodes where
the homogeneous Boron doping profile allowed accurate
evaluations. Thus, by comparing the Boron removal rate
of 3.7 cm−1 resulted from C-V measurements with that of
3.5 cm−1 resulted by accounting twice the value of BiOi
introduction rate due to the donor character of the defect,
a good agreement is obtained.

e) The TS-Cap technique proved to be a valuable comple-
mentary to the TSC tool in order to accurately character-
ize the radiation induced defects in highly irradiated and
partially depleted silicon sensors. This is especially im-
portant in the case of low resistivity diodes when the total
depletion of the device in TSC measurements cannot be
achieved or the depletion depth cannot be kept constant
during the temperature scan. However, TS-Cap allows
the evaluation of defect concentrations only if the defects
are well isolated in the silicon bandgap, not overlap with
other defects.

f) The temperature dependence of the thermally stimulated

capacitance at constant bias voltage and of the corre-
sponding TSC spectra, for a 5.5 MeV electron and a
23 GeV proton irradiated devices were simulated in the
temperature range of the BiOi defect emission. For repro-
ducing the TS-Cap and TSC data the Poole-Frenkel effect
was accounted and modified by a subunitar factor ξ and
small variations in the defect’s zero-field activation en-
ergy. Different ξ and Ea0 values resulted from simulating
the experimental data measured on differently damaged
silicon diodes, an aspect that has to be further studied in
more detail. Presently, we justify these adjustments by
the fact that the Poole-Frenkel theory was not developed
for position dependent electric fields as existing in diodes
and more pronounced in low resistivity ones, but for con-
stant field around the defect. In the absence of a proper
Poole-Frenkel theory for accounting the position depen-
dent electric field in diodes, the adjustments were made
for describing as good as possible both BiOi current and
capacitance signals. In addition, when accounting for the
electric field dependent electron emission from BiOi de-
fect, the simulated electric field distributions E(T, x) for
the temperature range where the BiOi defect discharges,
between 80 K and 110 K, show position dependent gra-
dients, corresponding to the position dependent effective
space charge densities N

′

eff(T, x).

Appendix A. Simulation

In this section, the simulation procedure for the TS-Cap and
the TSC spectra of the BiOi defect will be described. The sim-
ulations are performed by using Python software. The bulk of
the sensor is divided into n sufficiently thin layers of a thickness
δx = d/n, where d is the thickness of the EPI- or Cz-silicon (see
Fig. A.11a)). The index i in Fig. A.11a) runs from 0 to n and
the boundary between the depleted and the non-depleted region
is labelled mk. The index k indicates the temperature step Tk

and varies between 0 (the start temperature T0) and f (the final
Temperature T f ).

As the emission rate of the BiOi defect is governed by the
3-D Poole-Frenkel effect (Eq. (15, 16, 17)) the electric field dis-
tribution E(T, x) has to be calculated via the Poisson equation
(Eq. (19)) for a known effective space charge density N′eff(T, x)
(Eq. (18)). Considering the finite element method mentioned
above, the Poisson equation can be written as:

Ek,i+1 − Ek,i =
q0N

′

eff,k,i

ε0εr
·

d
n

(A.1)

Considering the boundary condition between the depleted and
the non-depleted region

Ek,i = 0 for i ≥ mk, (A.2)

the Ek,i is given by (according to Eq. (A.1)):

Ek,i =

mk∑
j=0

q0N
′

eff,k, j

ε0εr
·

d
n
−

i∑
j=0

q0N
′

eff,k, j

ε0εr
·

d
n
, (A.3)
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E
q.(A

.3)

(b)

Figure A.11: (a) Schematic of finite elements approach applied for describing
the field dependent BiOi emission in TS measurements. The band gap structure
has been divided into n layers by blue lines. (b) simulation procedure.

where the index j is used to sum N′eff,k,i for layer i from 0 to
the boundary or the indicated layer i. Further, the applied bias
voltage Vbias is given by the sum of all electric field steps Ek,i

up to the temperature dependent mk value, as given by:

Vbias =

mk∑
i=0

Ek,i ·
d
n

(A.4)

This equation (Eq. A.4)) is then used to calculate mk by rising
mk from 0 up to the value that fulfils Eq. (A.4). Thus for the
description of Eq.(A.1-4), the only unknown parameter for ob-
taining the Ek,i is N

′

eff,k,i. In Eq.(18), N
′

eff,k,i can be obtained by
fk,i, which in finite elements method can be written as:

fk+1,i = exp

− k∑
j=0

∆T j

β
en, j,i

 , (A.5)

where the index j was used to sum the emission rate from tem-
perature T0 to the Tk. The Eq. (18) can be changed to:

N
′

eff,k,i = N0 − [BiOi] · (1 − fk,i) (A.6)

Considering the 3-D Poole Frenkel effect, the emission rate can
be written to:

ep f
n,k,i = σnvth,nNcexp

(
−

Ea0

kBTk

)  1
γ2

k,i

 (eγk,i
(
γk,i + 1

))
+

1
2


(A.7)

with

γk,i = ξ ·

√
q0|Ek,i|

πε0εr
·

q0

kBTk
(A.8)

For the electron capture cross section we used the value of
σn = 1.05 × 10−14 cm2 determined experimentally in [12]. The
zero field activation energy of the BiOi defect, Ea0, was previ-
ously determined to be between 0.271 eV and 0.288 eV for sil-
icon diodes with resistivities varying from 50 Ω·cm to 2 kΩ·cm
and irradiated with 23 GeV protons [13]. Ea0 values were tuned
for getting the best fit between simulated and measured data,
and all parameters used in the simulation are given in Table 2.
The concentration [BiOi] used for TS-Cap simulation was ex-
tracted from the TS-Cap measurement according to Eq. (14).

The initial conditions for Tk, N
′

eff,k,i, ep f
n,k,i, fk,i, n and the ap-

plied bias voltage Vbias are: T0 = 40 K, N
′

eff,0,i (N0) as extracted
from TS-Cap at 80 K, ep f

n,0,i = 0, f0,i = 1, n = 1000 and Vbias =

-100 V. Then, it is obtained that for initial T0 electric field dis-
tribution E0,i decreases linearly from 1.2 × 105 and 5.8 × 104

to 0 V/cm for 5.5 MeV electrons with Φe = 4 × 1015 cm−2

and 23 GeV protons Φp = 6.91 × 1013 cm−2 irradiation, respec-
tively. It was also given that the m0 is equal to 320 and 690
for electrons and protons irradiation, respectively. Such val-
ues were extracted from Eq. (A.3) and Eq. (A.4). Next, these
values were used to calculate the emission rate ep f

n,1,i, f1,i and
N
′

eff,1,i (Eq. (A.5-8)), with which the distribution of the electric
field E1,i and m1 are calculated. This step by step calculation
continues until the final temperature T f is reached. Also, the
temperature dependent depletion depth is calculated according
to w(Tk) = mk · d/n. The selected Te must be higher than the
temperature of the end of emission, and in this work Te = 120 K
was chosen for simulation. The TSC values at Tk can also be
calculated according to:

Ie
TS C,k = q0A[BiOi]

mk∑
j=0

j · d
n

w(Tk)
· ep f

n,k, j · fk, j ·
d
n

(A.9)

Considering the depleted depth extracted from the TS-Cap mea-
surements, the TSC spectrum was also simulated and compared
with the measured data.
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