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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.

Keywords: Silicon detector; Radiation damage; BiOi; CiOi; electron irradiation; TSC; TS-Cap; acceptor removal

1. Introduction1

In order to cope with extraordinary high particle rates up2

to 200 p–p collisions per bunch crossing in High Luminosity3

Large Hadron Collider (HL-LHC) experiments, new types of4

silicon sensors were developed e.g. Low Gain Avalanche De-5

tectors (LGADs) [1–3], and High Voltage CMOS devices (HV-6

CMOS) for inner tracking detectors [4–8]. Both types of sen-7

sors as well as the new pixel and strip devices will be manu-8

factured on boron doped (p-type) silicon. The degradation of9

the performance of these sensors is due to the expected high10

radiation field. For instance, exposing the LGADs to a particle11

radiation field leads to the reduction of the internal gain value12

with increasing fluence. This degradation is caused by a de-13

activation of the active boron in the highly doped p-type gain14

layer (about 5 × 1016 cm−3), which leads to a reduction of the15

space charge and consequently, a lowering of the electric field16

followed by a decrease in charge multiplication in this layer.17

In general, the deactivation of the boron dopant is a pro-18

cess called boron removal. A possible way to reduce boron19

removal is a co-implantation of carbon into the gain layer [2].20

⋆Work performed in the frame of the CERN-RD50 collaboration.
∗Corresponding author
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(I. Pintilie)

The assumed mechanism behind this effect is the competition21

between the displacement of substitutional boron (Bs) and sub-22

stitutional carbon (Cs) by primary silicon interstitials (SiI) into23

interstitial positions (Bi) and (Ci), respectively. Both interstitial24

atoms are mobile at room temperature and can react with differ-25

ent impurities, ending up e.g. in the formation of BiOi or CiOi26

defects [9–14]. Although both defects have donor states in the27

bandgap of silicon, the BiOi act as a trap for electrons and the28

CiOi as hole trap. At room temperature (RT) the BiOi is pos-29

itively charged and its concentration affects the effective space30

charge density (Neff) while CiOi is in a neutral charge state with31

no influence on Neff. The CiOi defect has an energy level in the32

lower half of the bandgap of silicon, with an activation energy33

of 0.36 eV and temperature dependent capture cross sections34

for holes and electrons [14]. On the other hand, the BiOi de-35

fect is a coulombic center having an energy level in the upper36

half of the silicon bandgap with activation energy depending37

on the electric field, experimentally determined to be between38

0.24 and 0.26 eV [13], and independent on temperature capture39

cross sections of 1 × 10−14 cm2 for electrons and 1 × 10−20 cm2
40

for holes [9, 12].41

The reactions with these defects are still under investigation42

and are of high relevance for improving the radiation hardness43

of LGADs. In order to get more information about the introduc-44

tion of both defects and their interplay as well as a quantitative45
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determination of the boron removal rate, the main goal of this46

work is to accurately characterize the radiation-induced defect47

complexes BiOi and CiOi, and evaluate the boron removal rate48

in highly boron-doped silicon diodes with different carbon con-49

centrations.50

The investigated n+-p diodes were manufactured on 10Ω·cm51

p-type epitaxial silicon (EPI) and Czochralski material (Cz),52

and exposed to high fluences of 5.5 MeV electrons in the range53

of (1-6) × 1015 cm−2. The radiation-induced defect complexes54

BiOi and CiOi were investigated by means of the Thermally55

Stimulated Current technique (TSC). One problem in the eval-56

uation of the defect concentrations from the measured TSC57

spectra arises from the fact that the irradiated low resistivity58

diodes can only be partially depleted during the temperature59

scan, due to the limit of the maximal reverse voltage which can60

be applied. That means, that the depleted volume is beforehand61

not known for the temperature range of the charge emission62

of the defects. We show that this problem can be overcome if63

in addition to TSC experiments Thermally Stimulated Capac-64

itance (TS-Cap) method is employed. This method allows the65

determination of the depleted volume at any temperature.66

The paper is structured as follows. In section 2 the experi-67

mental details about the used diodes manufactured on p-type68

epitaxial (EPI)- and Czochralski (Cz)-silicon, the irradiation69

with 5.5 MeV electrons and the methods for the investigation of70

the macroscopic and microscopic properties of the devices are71

presented. In section 3 we provide the results of the current-72

voltage and capacitance-voltage measurements. Next, section 473

is dedicated to TSC and TS-Cap experiments, data simulation74

and analyses, with a focus on the Boron-Oxygen (BiOi) defect75

complex and its correlation with the boron removal process.76

2. Experimental Details77

All the investigated diodes are produced by the company78

– "Transistors" that belongs to Integral [15]. Five sets of n+-p79

silicon diodes with a deep diffusion junction of 7.2 µm depth80

were investigated [16]. Three of them (EPI-3, EPI-7, EPI-9)81

are 50 µm thick epitaxial layers grown on a highly boron-82

doped Cz substrate of 525 µm thickness and resistivity of83

0.006 Ω·cm. Those three sets have the same boron content84

of 1.1 × 1015 cm−3 in the epitaxial layer, corresponding to a re-85

sistivity of about 10 Ω·cm. The other two diodes (Cz-3, Cz-7)86

were processed on p-type Cz silicon with about the same resis-87

tivity of 10 Ω·cm and a thickness of about 400 µm. Except for88

boron the main impurities are oxygen and carbon. According89

to [10] the Cz and EPI diodes have similar oxygen content, of90

∼1.5 × 1017 cm−3, while the carbon content differs, being in91

the range of 2-3 × 1016 cm−3 and 1.5-2 × 1015 cm−3 in Cz and92

EPI, respectively. All diodes have been manufactured with-93

out a guard ring structure [16]. The distance between the pad94

boundary and the chip edge is roughly 100 µm for all diodes.95

The irradiation with 5.5 MeV electrons was performed at96

room temperature using the accelerator facility at Minsk. Since97

the range of 5.5 MeV electrons is much larger than the thickness98

of the EPI- and the Cz-silicon the distribution of the radiation99

induced defects is uniform throughout the whole bulk of the100

material. More detailed information can be found in [17]. The101

achieved fluence values were in the range of (1-6) × 1015 cm−2.102

For the calculation of the corresponding 1 MeV neutron equiv-103

alent values, a hardness factor of 0.0398 was used according to104

the Non-Ionizing Energy Loss (NIEL) data of I. Jun et al. [18].105

More detailed information of the investigated diodes is summa-106

rized in Table 1.107

The macroscopic device performance of the investigated108

diodes was measured by means of current-voltage (I–V) and109

capacitance-voltage (C–V) characteristics. The radiation in-110

duced changes in the effective space charge density Neff and the111

full depletion voltage Vfd were determined from C–V measure-112

ments at 10 kHz. The capacitances were measured with a LCR113

meter in parallel mode.114

For the characterization of the radiation induced electrically115

active defects, the TSC and TS-Cap methods were used [19–116

23]. The experimental setup consists of a closed cycle helium117

cryostat Model SRDK-205 (Sumitomo Heavy Industries, Ltd,118

Japan) equipped with a temperature controller Model 340 (Lake119

Shore, US) and a Keithly 6517A electrometer with a voltage120

source. For the TS-Cap a LCR meter 4263B from Hewlett121

Packard is used. The experimental procedure consists of cool-122

ing down the sample under zero bias to low temperatures (typ-123

ically 10 K) where filling of the defects is performed for 30 s124

either by forward biasing of the diode (electron and hole in-125

jection by injecting 1 mA forward current) or 0 V filling (only126

majority carrier (hole) injection). Then, the diode is reverse bi-127

ased and a temperature scan is then recorded by measuring the128

diode current (TSC) or capacitance (TS-Cap) during heating up129

the device with a constant rate of β = 0.183 K s−1 [22]. It should130

be mentioned here that the range of the reverse bias was chosen131

that way that the current density was below the soft breakdown.132

For example for EPI-3 and Cz-3 Vbias < 100 V. Isothermal an-133

nealing experiments were performed up to 120 min at a tem-134

perature of 80 °C for all irradiated diodes, with the subsequent135

evaluation of the macroscopic and microscopic properties.136

3. I–V and C–V characteristics137

In this section, the measured I–V and C–V characteristics138

of the irradiated sensors are presented and discussed. As an ex-139

ample, in Fig. 1(a) the I–V curves of all EPI- and Cz-diodes140

irradiated with different fluences are shown. As it can be seen,141

for all diodes, except EPI-9 irradiated to 6 × 1015 cm−2, a so-142

called soft breakdown occurs at a certain bias voltage. Such143

behaviour may have different reasons, e.g. the diodes have no144

guard ring limiting the current to the active pad size and exclud-145

ing contributions from the outer surface region or edge and/or146

the high electric field near to the n+-p junction triggers trap147

assisted Poole-Frenkel or tunnelling effects [24, 25]. Neverthe-148

less, determining the depleted depth w(V) from C–V character-149

istics (Fig. 1(b) and (c)) and assuming that the active area A is150

given by the n+-pad size, the depleted volume Vvol = A · w(V)151

has been calculated and used for estimating the leakage current152

density jd = I/Vvol as a function of the applied bias voltage153

shown in Fig. 1(d). One would expect flat curves if edge ef-154

fects and soft breakdown could be neglected. However, a soft155
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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-9.156

According to Fig. 1(c), where w is plotted as a function of
√

V157

of (6-10) V0.5 (V ≈ 36∼100 V), where the edge effects do not158

contribute to the rise of the current, w is proportional to
√

V159

(except for the diode Cz-7), a typical for the bulk generation160

current. An average current density Jd was taken in the volt-161

age range from 50 V to 100 V, where, a small linear increase of162

the current is recorded, due to the extension of the electric field163

in the lateral area of the electrodes in the absence of grounded164

guard rings.165

The average values Jd of the current densities are plotted166

as function of the electron fluence Φe in Fig. 2, showing an167

approximately linear increase. The current related damage pa-168

rameter α, given by:169

α =
∆Jd

∆Φe
(1)

had been evaluated to α = (3.2 ± 0.2) × 10−19 A cm−1. Such170

a small α value was also observed in previous experiments on171

5.5 MeV electron damage induced in n-type silicon [26]. Ac-172

counting for the hardness factor of 0.0398 the current related173

damage parameter becomes α = 0.8 × 10−17 A cm−1, being174

smaller compared to the value of α = 4 × 10−17 A cm−1 de-175

termined for hadron irradiation and an annealing of 80 min at176

60 °C (see e.g. [22, 27, 28]).177

The C–V characteristics were measured for 4 different fre-178

quencies (230 Hz, 445 Hz, 1 kHz and 10 kHz). A slight fre-179

quency dependence is observed and the related explanation can180

be found in reference [29, 30]. The relative deviations mea-181

sured at 200 V between the values measured at frequencies of182

230 Hz and 10 kHz are below 4% for all the samples.183

The effective space charge density profile Neff(w(V)) and184

the depletion depth w(V) were extracted from the 10 kHz C–V185

curves (see Fig. 1(b)) according to Eq. (2) and Eq. (3):186

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 of187

vacuum, ϵr the relative permittivity of silicon (11.9), q0 is the188

elementary charge, A is the active pad area. Fig. 3 presents189

the calculated Neff(w(V)) profiles for the EPI- and Cz-diodes,190

irradiated with different fluences.191

With increasing fluence, the profiles of Neff are shifting to192

lower values, a fact that is expected mainly due to the deactiva-193

tion of the initial boron concentration caused by irradiation, the194

so-called boron removal effect. Of course, some hole traps e.g.195

H(140K) and H(152K) will also affect the space charge den-196

sity Neff but their concentrations are much smaller compared197

to the concentration of the BiOi defect ([H140K + H152K] ≈198

2.5 × 1013 cm−3 and [BiOi] ≈ 4.5 × 1014 cm−3 in EPI-9).199

The isothermal annealing behaviour of the generation cur-200

rent density Jd at 80 °C is depicted in Fig. 4. The observed201

changes with annealing time are much smaller compared to the202

ones observed for a 23 GeV proton irradiated 10 Ω·cm EPI-203

diode, which are also included in Fig. 4 [13].204

Due to the significant affection by lateral effect especially205

in Cz diodes, it is deserved to mention the error in the extracted206

Neff and jd. In this work, the lateral effect was estimated by the207

difference on jd as shown in Fig. 1(d), under the assumption208

that the lateral effect in EPI diodes can be neglected. Thus,209

for applied bias voltages of 100 V and 200 V, the error will210

rise from 0.7% up to 36% for Cz-3 and from 5% to 49% for211

Cz-7, respectively. The Vbias = 100 V corresponds to depleted212

depths of about 11 µm and 14 µm for the diode Cz-3 and Cz-213

7, respectively. Only the Jd values from EPI-diodes were used214

to extract α. Thus the error for the Jd was estimated from the215

bias interval for averaging and resulted in a value of 3%. This216

introduces an uncertainty of 5% in the obtained α value.217
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Figure 2: Average current density Jd versus. electron fluence (details see text).
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Figure 4: Jd versus. annealing times at 80 oC. The data for 23 GeV proton irra-
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and have similar Neff and d to electron irradiated EPI-diodes.

4. Results from TSC and TS-Cap measurements218

The Thermally Stimulated measurement techniques were219

used to investigate the defect complexes induced by irradi-220

ation with 5.5 MeV electrons, especially the boron-oxygen221

(BiOi) and the carbon-oxygen (CiOi) defects in the EPI- and222

Cz-materials. Figure 5(a) shows the TSC spectra measured223

on all diodes (EPI- and Cz-samples) irradiated with different224

fluences after injecting both electrons and holes (1 mA for-225

ward injection) at 10 K. Figure 5(b) presents the spectra of226

the same diodes after filling the traps only with holes by cool-227

ing the sample to 10 K under 0 V. As can be seen here, the228

dominant TSC signal occurs at about 150 K and is attributed229

to the carbon-oxygen (CiOi) defect complex. The CiOi signal230

height in Cz-diodes is much larger compared to the EPI-diodes231

at the same fluence, due to the higher concentration of carbon232

in Cz silicon (see Table 1). While Fig. 5(b) shows only the233

TSC peaks corresponding to hole traps, Fig. 5(a) reveals also234

the ones corresponding to electron traps which can be filled235

by a forward current injection. As it can be seen in Fig. 5(a),236

there is a dominant peak in the temperature range between 90 K237

and 100 K that is not even traced in the spectra depicted in238

Fig. 5(b) corresponding to hole traps only. This dominant peak239

corresponds to an electron trap, increases with increasing flu-240

ence, shows a dependence on the electric field in the sensor, the241

so-called Poole-Frenkel effect [24, 31, 32] as well as a depen-242

dence on the impurity content (boron, oxygen, carbon) in the243

material [9–11, 33] and thus, it is attributed to the BiOi defect244

complex. Also, theoretical calculations support this identifica-245

tion [33]. Because the diodes cannot always be fully depleted246

during the temperature scan and for a better comparison of247

the different spectra, the measured currents shown in Fig. 5(a)248

and 5(b) had been normalized to the active depleted volume249

(Vvol(V,T ) = A · w(V,T )). The w(V,T ) values were extracted250

from the corresponding TS-Cap measurements.251

The TS-Cap data are presented in Fig. 5(c) and Fig. 5(d)252

corresponding to the TSC spectra shown in Fig. 5(a) and253

Fig. 5(b), respectively. For the case of forward current injec-254

tion the TS-Cap measurements show a drop of the capacitance255

values in the temperature range of the BiOi emission. This cor-256

relates with the change of the BiOi defect charge state, being257

neutral when occupied with an electron at temperatures before258

the emission starts and positively charged after the electron is259

thermally emitted. This leads to a change of the space charge260

density to a less negative value, corresponding to an increase in261

the depleted width w(V,T ) and consequently to the drop of the262

capacitance mentioned above. On the other hand, the increase263

of the capacitance in the range of the CiOi emission (Fig. 5(d))264

is due to the change of the charge state of the CiOi from pos-265

itive (occupied by holes) to the neutral state after the holes266

emission. Thus, the space charge density changes from less267

negative to more negative leading to a decrease in the depleted268

width w(V,T ) and an increase of the capacitance at the given269

bias voltage. In both cases, the defect concentration can be de-270

termined despite the fact that the detector is not fully depleted,271

as the TS-Cap data can be used to determine the depletion depth272

at any temperature (see section 4.1.). Further, it is known that273

the BiOi is a coulombic center [9, 33] and thus the electron274

emission from this defect is governed by the Poole-Frenkel275

effect, manifesting in a shift of the TSC peak position to lower276

temperatures with increasing bias voltage. A related shift is277

then also observed in the TS-Cap curves (see e.g. Fig. 6).278

It should be noted that the different values of Vbias used for279

different samples were chosen according to the specific charac-280

teristics of each diode. Because the aim of the study is to obtain281

the concentration profiles for defects distributed in the bulk of282

the diodes, measurements with large Vbias are preferred in or-283

der to scan deep in the bulk of the samples. However, the bias284

has to be limited to values avoiding the breakdown of the sam-285

ples. Thus, while the EPI-9 diode withstands a Vbias =300 V286

that fully depletes the sample over the entire temperature scan,287

smaller biases could be applied on the other diodes Thus, the288

maximum Vbias that could be safely applied were of 200 V on289

EPI-7, of 100 V on Cz-7 and of 20 V for Cz-3 and EPI-3. For290

larger bias values significant increase in the leakage current and291

dielectric losses at low temperatures were observed.292

A quantitative evaluation of defect concentrations from293

TSC spectra of not fully depleted diodes is only possible if the294

changes of the depleted depth in the corresponding temperature295

ranges are known. This issue will be discussed in the following296

section.297

4.1. Evaluation of concentrations in case of partially depleted298

sensors299

The TSC method and evaluation of defect properties are de-300

scribed in detail in numerous publications [19–23]. In our case301

of not fully depleted devices and the traps homogeneously dis-302

tributed in the bulk, the current for emission from an isolated303
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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:304

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)

305

f (T ) = exp
(
−

1
β

ˆ T

T0

(
en(T ′) + ep(T ′)

)
dT ′

)
(7)

where T is the measured temperature, w(T ) the depleted depth306

at temperature T , x is the coordinate of the depth in the depleted307

region, en and ep are the emission rates for electrons and holes,308

respectively, NC and NV are the density of states in the conduc-309

tion band and valence band, respectively. The activation energy310

for electrons is Ea = EC−Et and for holes E′a = Et−EV , where Et311

is the energy level of the electron traps and EC,V the conduction312

and valence band edge, respectively. σn,p is the cross section313

for electrons and holes, vth,n,p is the thermal velocity for elec-314

trons and holes. kB is the Boltzmann constant, f (T ) describes315

the fraction of the defects occupied by electrons at temperature316

T , β is the heating rate and nt(T0) is the density of defects that317

are filled with electrons at T0. The NC , NV , vth,n,p values were318

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

(
m∗dC,V

m0

)3/2 (
T

300

)3/2
).319

Eq. (4) defines the total current which accounts for the conduc-320

tion and the displacement currents [19]. When f (T ) and en(T )321

are not position dependent the Eq. (4) can be simplified to:322

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 which323

this study is focusing, is detected in a TSC experiment only if324

electrons can be injected at low temperature. This is done by325

forward biasing the diodes at 10 K injecting both electrons and326

holes. According to [12] the capture cross section for holes of327

the BiOi defect is neglectable compared with the capture cross328

section of electrons and thus, nt,0 is equal to the defect con-329

centration Nt, and ep can be neglected. Thus, the BiOi defect330

concentration can be determined by integrating the TSC corre-331

sponding signal after filling with forward bias given by Eq. (8)332

and considering the depleted volume:333

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 and334

Te are the temperature of the start and the end of the electron335

emission of the defect, respectively. It should be mentioned336

here that Eq. (9) is only valid if the defect concentration and the337

emission rate are position independent. For the investigated ir-338

radiated diodes, three different situations have to be considered339

when evaluating the BiOi concentration:340

(i) At the lowest fluence of 1 × 1015 cm−2 the diodes EPI-3341

and Cz-3 are partially depleted before and after emission of the342

defect for all the applied bias voltages. As it can be observed343

in Fig. 5(c) the capacitance stays nearly constant, i.e. also the344

depletion depth w(T ) is constant in the temperature range of345

interest. Therefore, Eq. (9) can be simplified to:346

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 value347

in the range Ts to Te.348

(ii) The sensor is partially depleted before emission and349

fully depleted after emission. This holds for the device EPI-350

9, which was irradiated to Φe = 6 × 1015 cm−2. In this case, the351

concentration can be evaluated from the TSC spectrum only if352

w(T ) is extracted from TS-Cap measurements.353

(iii) Similar to case (i), the sensors are partially depleted be-354

fore and after emission, but C(T ) or w(T ) shows visible changes355

in the temperature range where the electron emission from the356

defect takes place(see Fig. 5(c) and 5(d) for the diodes EPI-7357

and Cz-7). In this case, the corresponding defect concentration358

can be directly extracted from the TS-Cap measurement as de-359

scribed in the following.360

For high defect concentration where the change in the oc-361

cupancy of the defects due to the thermal emission of captured362

electrons or holes leads to measurable variations of the capac-363

itance with increasing temperature, the TS-Cap method can be364

used to extract the defect concentration. For the BiOi defect the365

TS-Cap can be described, in the 1-D approach, by the following366

equations:367

C(T ) =
ϵ0ϵrA
w(T )

(11)

with368

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

(12)

where369
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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 and370

for a given bias voltage V , Vbi is the build-in voltage, which is371

negligible compared to the applied bias voltage V . The term372

N0 in Eq. (13) denotes the absolute Neff value before the start373

of the electron emission of BiOi, i.e when all defect centers374

are neutral and their contribution to the effective space charge375

concentration is 0. The second term in Eq. (13) accounts for the376

donor character of the BiOi defect, becoming positively charged377

after thermal emission of captured electrons and thus leading to378

a progressive reduction of N0 with increasing the temperature379

until the electron emission from the defect ends. Assuming no380

other defects with similar emission rates are present, [BiOi] is381

given by:382

[BiOi] =
2ϵ0ϵrV

q0

(
1

w2(Ts)
−

1
w2(Te)

)
(14)

Here w(T ) is extracted from Eq. (11) and Ts and Te are the383

temperatures before and after the electron emission from BiOi,384

respectively.385

In Fig. 7(a) the BiOi and the CiOi concentrations extracted386

from the TSC and TS-Cap measurements as a function of Φeq387

are plotted for EPI- and Cz-materials. They were extracted via388

Eq. (9) in the temperature range 80-105 K for [BiOi] and 120-389

155 K for [CiOi]. Included are also the Neff values for both ma-390

terials as extracted from C–V measurements performed at room391

temperature. The Neff values were extracted from Fig. 3 and av-392

eraged in the bias range of 1-100 V and 1-20 V for EPI and Cz393

diodes, respectively. It can be seen from Fig. 5(c) and Fig. 5(d)394

that after carrier emission from BiOi and CiOi the capacitance395

remains almost constant, and presumably it is the same as at RT.396

Therefore, using the Neff data from RT is appropriate and the397

introduced errors are related to Neff averaging only. The con-398

centrations of BiOi and CiOi defects that can introduce positive399

space charge in the diodes are lower than the negative charge400

provided by the Boron-dopant. Therefore, Neff remains nega-401

tive in the entire scanned temperature range.402

Assuming the boron removal rate R is given by R =403

|(∆Neff)/(∆Φeq)|, the values of 2.18 cm−1 and 3.7 cm−1 are404

obtained for Cz and EPI diodes, respectively. These values405

were extracted from the slope (absolute value) of the linear fits406

presented in Fig. 7(a). The difference of 41% between the Cz407

and the EPI rates is attributed to the different amounts of carbon408

content in both materials as given in Table 1. For the EPI-diodes409

the change of Neff with fluence is roughly a factor 2 larger com-410

pared with the increase of the BiOi concentration. This can411

be explained by the boron removal process, i.e. the negatively412

charged substitutional boron B−s is transformed into a positively413

charged BiO+i defect (B−s → BiO+i ). For the Cz-material this414

cannot be stated due to the strong non-uniform profile of the415

space charge density (see Fig. 3). The introduction rates gBiOi416

= [BiOi]/Φeq and gCiOi =[CiOi]/Φeq were extracted from the417

linear increase with fluence, and are plotted in Fig. 7(b) as a418

function of the carbon content in the EPI- and Cz-diodes. It is419

obvious that the generation rate of the BiOi is much lower for420

the material with the higher carbon content. On the other hand,421

the increase of the CiOi generation rate with increasing carbon422

content is an indication for the beneficial effect of the carbon423

impurity in reducing the creation of BiOi. This dependence on424

the carbon concentration has led to the approach of carbon co-425

implantation into the gain layer of LGADs in order to improve426

their radiation hardness [2].427
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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 BiOi428

for an EPI-diode with the same Neff, 0 and irradiated with the429

same Φeq of 23 GeV protons as the irradiation with 5.5 MeV430

electrons. As it can be seen, the generation rate of BiOi defect431

after 5.5 MeV electron irradiation is about a factor 1.6 larger432

than the value determined after irradiation with 23 GeV protons.433

In principle, both TSC and TS-Cap are performed with Vbias434

where the lateral effect is not significant. However, the obtained435

concentrations strongly depend on the integration ranges of the436
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TSC spectra or the selection of Ts and Te. Thus, in this work,437

the error of the extracted BiOi concentrations is given by vary-438

ing Ts from 75 K to 80 K. The obtained errors for EPI-3, 7, 9439

are 5%, 8% and 9%, for Cz-3 and 7 are 5% and 6%, respec-440

tively. The slightly increasing errors are caused by the overlap-441

ping peak at the low temperature tail possibly related to the X-442

defect. The estimated errors of the Neff value shown in Fig. 7(a)443

are due to the selected interval of averaging the data (see Fig. 3).444

They are about 3% for all EPI diodes and 5% for Cz-3. For Cz-7445

the estimated error is 20% due to the non-uniform profile.446

4.2. Simulation of TSC and TS-Cap data for the BiOi defect447

Compared to the TSC and DLTS methods the TS-Cap tech-448

nique is rarely used to get information about radiation induced449

defects. However, when high concentrations of defects are450

involved, the method delivers important information on the451

changes in the depletion depth during a temperature scan from452

10 K up to room temperature, which can be used, via develop-453

ing simulation models, to determine the defect type (capturing454

electrons or holes) and trapping parameters (activation energy,455

capture cross section of the emitted charge) as well as its con-456

centration. In our simulations the following assumptions are457

made:458

• Lateral effects are neglected.459

• The device is partially depleted in the temperature range460

of interest.461

• The series resistance of the non-depleted part of the de-462

vice can be neglected.463

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 emission464

rate en is not anymore a constant quantity with respect to the465

applied bias voltage, but field dependent. By accounting for the466

3-D Poole-Frenkel effect, the emission rate can be expressed467

by [24, 31, 32]:468

ep f
n (T ) = en,0(T ) ·

[(
1
γ2

)
(eγ (γ − 1) + 1) +

1
2

]
(15)

where469

γ =

√
q0|E⃗|
πε0εr

·
q0

kBT
(16)

and en,0 denotes the field independent emission rate with470

the so-called zero field activation energy Ea = Ea,0. |E⃗| is the471

electric field in the sensor bulk and depends on the position x in472

the depleted zone. According to the reference [32], the Poole-473

Frenkel effect is given by the electrostatic energy of an electron474

which is attracted to a single charged positive ion under the475

influence of a uniform applied electric field (see Fig. 8). In476

the diodes, especially highly doped ones, such an assumption477

might not be fully valid, since the electric field distribution is478

not uniform. Thus, in this paper, we introduce a parameter ξ479

to modify the force between the positively charged ion and the480

electron. Therefore, the γ value is modified to:481

γ = ξ ·

√
q0|E⃗|
πε0εr

·
q0

kBT
(17)

In this case the Eq. (13) has to be revised to:482

N
′

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

Furthermore, the electric field distribution E(T, x) in the de-483

pleted bulk of the diodes is calculated from the corresponding484

Poisson equation:485

dE(T, x)
dx

=
q0 · N

′

eff(T, x)
ε0εr

(19)

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

eff are486

temperature and position dependent. For coulombic centers, the487

emission rate ep f
n has to be used for calculating the occupation488

fraction defined in Eq. (7).489

Considering the involved set of equations, an analytical so-490

lution for simulating the TSC and TS-Cap experimental data491

will be extremely complicated. Therefore, the finite element492

method is used for simulating the experimental data. The de-493

tails are presented in the Appendix.494

In the following part, the simulation results and comparison495

with the corresponding TS-Cap and TSC measurements will be496

presented for two devices, both annealed for 2 h at 80 oC after497

irradiation: the electron irradiated sample EPI-7 (see Table 1)498

and a 50 Ω·cm p-type diode irradiated with 23 GeV protons to499

Φeq = 4.3× 1013 cm−2 for which more detailed information can500

be found in reference [13]. The measurement parameters for501

both diodes are the same, i.e. Vbias = -100 V, heating rate β =502

0.183 K/s and the frequency for the capacitance measurement503

f = 10 kHz.504

All parameters, the fixed and the adjusted ones, used for505

the simulations of both diodes are summarized in Table 2. For506

the presented data, the details about N0 can be found in the507

Appendix. The simulation results for the EPI-7 diode are dis-508

played in Fig. 9 (a-d). In order to reproduce the TS-Cap mea-509

surement (Fig. 9(a)) the BiOi concentration was extracted via510

the Eq. (14), the ξ value for the Poole-Frenkel effect was set511
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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.512

With the same values for ξ and Ea0 parameters but a lower BiOi513

concentration, the TSC signal could be reproduced in the tem-514

perature range between 90 K and 105 K. The low temperature515

tail, which can not be described by the simulation, is most prob-516

ably due to the so-called X-defect (see Fig. 5 (a, b)). Contrary517

to the TSC case, where the charge emission from the X defect518

can be separated from that of the BiOi defect, in TS-Cap mea-519

surements the contributions of both defects cannot be separated.520

Therefore, the concentration extracted from the TS-Cap curve521

is larger compared to the value derived from the TSC spectrum.522

Included in Fig. 9 (a, b) are also the results from simula-523

tions which use the position independent average electric field524

< E(T ) > = Vbias/w(T ) where w(T ) is given by:525

w(T ) =

√
2ε0εrVbias

q0N ′

eff(T )
(20)

Here N
′

eff(T ) is constant over the depth of the diode and given526

by Eq. (13) where f (T ) is calculated with the average electric527

field < E(T ) > of the previous temperature step. For this case,528

the value ξ = 1 and a higher zero-field activation energy of Ea0529

= 0.284 eV is needed in the simulation, in order to get the best530

fit to the experimental data.531

In Fig. 9 (c, d) the electric field distribution and the Neff pro-532

files as a function of the depleted depth are plotted for tempera-533

tures between 80 K and 110 K in steps of 5 K. As it can be seen534

in Fig. 9(c), with increasing the temperature, the maximal value535

of E(Tk, x = 0) decreases and the depleted depth increases. This536

corresponds to the development of the effective space charge537

density N
′

eff(Tk, x) for the different temperature steps as shown538

in Fig. 9(d). Further, the distribution of the electric field shows539

a constant gradient before and after the BiOi emission (below540

85 K and above 100 K) and position dependent gradients dur-541

ing emission of the BiOi in the range between 85 K and 100 K.542

This is due to the non-uniform distributed space charge den-543

sity resulting from the field dependent emission from the defect544

energy level.545

Similar simulations have been performed for the 23 GeV546

proton irradiated diode and the results are presented in Fig. 10547

(a-d). As it can be seen, the simulation of the TS-Cap sig-548

nal, shown in Fig. 10(a), is in excellent agreement with the549

measured data. In this case, the parameters from the mea-550

sured C(T ) curve, by using the same procedure as for the551

electron irradiated diode, are ξ = 0.85, Ea0 = 0.265 eV and552

[BiOi] = 3.5 × 1013 cm−3. In Fig. 10(b) the corresponding553

TSC data and simulated spectra are given. Also in this case554

the simulation reproduces the data very well, but compared555

with the TS-Cap simulations, the best agreement is found for556

slightly different Ea0 and [BiOi] values, of Ea0 = 0.273 eV and557

[BiOi] = 3.3 × 1013 cm−3. The ξ value is the same for both558

simulations. The distributions of the electric field and the Neff559

profiles are plotted in Fig. 10(c) and (d) for temperatures be-560

tween 80 K and 110 K in steps of 5 K. In this case, the maximal561

electric field E(Tk, x = 0) also decreases with increasing the562

temperature while the depleted region depth increases. The563

main difference to the electron irradiated device is the lower564

field strength in the bulk.565

For getting a better fit to the data, the [BiOi] for the sim-566

ulation of the TSC spectrum (see Fig. 9(b) and Fig. 10(b)) is567

adjusted. The [BiOi] extracted from the TSC spectrum by inte-568

gration from 80 K to 105 K is about 13 % larger compared to569

the value used for the simulation. This difference is due to the570

low temperature tail in the spectrum which was not reproduced571

in the simulation. For the EPI-7 diode, the significant differ-572

ence of [BiOi] between TS-Cap and TSC is caused by some573

unknown effect.574

In principle, the Ea0 is known with value in between 0.27-575

0.28 eV [13] with fixed σn = 1.05 × 10−14 cm2. The difference576

of Ea0 between TSC and TS-Cap measurements for proton ir-577

radiated diode is due to the difference in the temperature of the578

peak maximum Tmax in the TSC spectrum and the temperature579

of the turning point in the TS-Cap curve. The related effect580

is still unknown. The difference of Ea0 between the proton and581

electron irradiated devices might be caused by the different pro-582

duction technology of both devices, the diode with a guard ring583

(p irradiated) and the other one without. The explanation can be584

proved by comparing the results from the EPI-diode irradiated585

with protons ([13]). This diode has roughly the same Ea0 as the586

one presented in Table 2 for proton irradiation.587

For EPI-7 diode the difference in Ea0 between the two dif-588

ferent electric field distributions (linear electric field E(x) and589

homogeneous electric field distribution < E(T ) >) is 26 meV590

(∼10%). The reason for this difference can be understood by the591

fact that the emission rate ep f
n (T, E(x), Ea0) depends exponen-592

tially on the electric field distribution. At a specific temperature593

T , the emission rate is enhancing with E(x) and is decreasing594

when increasing the Ea0 values. Thus, for the same bias volt-595

age, the values of E(T, x) in the case of linear field distribution596

and of the average electric field < E(T ) > coincide only in the597

middle of the depleted width, in the front region of the junc-598

tion E(T, x) being larger than < E(T ) > and in the back side599

smaller. Consequently, the same measured TSC signal can be600

reproduced in both cases if in the calculation of the emission601

rates the values of Ea0 and ξ are smaller for a linear distribution602

of the electric field than for the constant, average one. This has603

with respect to the emission rate to be compensated by a lower604

Ea0 or a lower ξ value compared to the constant field case in605

order to reproduce the same measured TSC signal, as it can be606

seen in Table 2.607

Due to the fact that by using Eq. (16) the experimental data608

could not be reproduced, a constant ξ was introduced for mod-609

ifying the field dependence in the Poole-Frenkel effect. The ξ610

values are different for linear and constant electric fields, 0.5611

and 1.0, respectively, while for each E(x) distribution they are612

the same for simulating the TSC and TS-Cap data.613

5. Conclusion614

In this work investigations of radiation damage of silicon615

diodes manufactured on p-type EPI- and Cz-material with a re-616

sistivity of about 10 Ω·cm and exposed to 5.5 MeV electrons of617

different fluence values (1× 1015, 4× 1015, 6× 1015 cm−2) have618

been performed. The macroscopic properties of the devices, the619
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leakage current density Jd and Neff, were obtained from I-V and620

C-V measurements. The microscopic properties of the BiOi and621

CiOi defects were studied using the TSC and TS-Cap methods622

and the results are discussed in connection with Boron removal623

process observed in macroscopic measurements.624

The main results obtained in this study are:625

a) The density of leakage current Jd increases linearly with626

the achieved fluence and the corresponding current re-627

lated damage parameter is determined to be α = 3.2 ×628

10−19 A/cm. Such a small value was also reported for629

n-type silicon diodes after irradiation with 5.5 MeV elec-630

trons [26]. Compared with hadron irradiation, the ob-631

tained α parameter is much smaller, indicating that the in-632

crease of the leakage current caused by low energy elec-633

trons is substantially less than that caused by hadrons.634

Also, the change of Jd with annealing time at 80 oC is635

strongly suppressed compared with hadron irradiated de-636

vices indicating that the irradiation with low energy elec-637

trons creates less current generation centers and more sta-638

ble defects.639

b) The Neff decreases nearly linear with increasing fluence640

and remains stable during the isothermal annealing at641

80 oC, in agreement with the thermal stability of the BiOi642

defect [28].643

c) The development of BiOi and CiOi defects with fluence is644

linear, however, with different introduction rates for EPI645

and Cz materials, due to the different Carbon content in646

the two materials (more in Cz than in EPI) and the com-647

peting reactions between Boron and Carbon interstitials648

with abundant Oxygen interstitials in silicon. Thus, while649

the introduction rate of BiOi is much smaller in Cz than650

in EPI material, of 0.63 cm−1 compared with 1.75 cm−1
651

as seen in Fig. 7(b), the opposite is happening for CiOi.652

Similar behaviour was also reported in the RD50 collab-653

oration program [10, 35].654

d) The formation of BiOi defect is the main cause for the655

change seen in Neff after irradiation with 5.5 MeV elec-656

trons. This was nicely evidenced in EPI diodes where657

the homogeneous Boron doping profile allowed accurate658

evaluations. Thus, by comparing the Boron removal rate659

of 3.7 cm−1 resulted from C-V measurements with that of660

3.5 cm−1 resulted by accounting twice the value of BiOi661

introduction rate due to the donor character of the defect,662

a good agreement is obtained.663

e) The TS-Cap technique proved to be a valuable comple-664

mentary to the TSC tool in order to accurately character-665

ize the radiation induced defects in highly irradiated and666

partially depleted silicon sensors. This is especially im-667

portant in the case of low resistivity diodes when the total668

depletion of the device in TSC measurements cannot be669

achieved or the depletion depth cannot be kept constant670

during the temperature scan. However, TS-Cap allows671

the evaluation of defect concentrations only if the defects672

are well isolated in the silicon bandgap, not overlap with673

other defects.674

f) The temperature dependence of the thermally stimulated675

capacitance at constant bias voltage and of the corre-676

sponding TSC spectra, for a 5.5 MeV electron and a677

23 GeV proton irradiated devices were simulated in the678

temperature range of the BiOi defect emission. For repro-679

ducing the TS-Cap and TSC data the Poole-Frenkel effect680

was accounted and modified by a subunitar factor ξ and681

small variations in the defect’s zero-field activation en-682

ergy. Different ξ and Ea0 values resulted from simulating683

the experimental data measured on differently damaged684

silicon diodes, an aspect that has to be further studied in685

more detail. Presently, we justify these adjustments by686

the fact that the Poole-Frenkel theory was not developed687

for position dependent electric fields as existing in diodes688

and more pronounced in low resistivity ones, but for con-689

stant field around the defect. In the absence of a proper690

Poole-Frenkel theory for accounting the position depen-691

dent electric field in diodes, the adjustments were made692

for describing as good as possible both BiOi current and693

capacitance signals. In addition, when accounting for the694

electric field dependent electron emission from BiOi de-695

fect, the simulated electric field distributions E(T, x) for696

the temperature range where the BiOi defect discharges,697

between 80 K and 110 K, show position dependent gra-698

dients, corresponding to the position dependent effective699

space charge densities N
′

eff(T, x).700

Appendix A. Simulation701

In this section, the simulation procedure for the TS-Cap and702

the TSC spectra of the BiOi defect will be described. The sim-703

ulations are performed by using Python software. The bulk of704

the sensor is divided into n sufficiently thin layers of a thickness705

δx = d/n, where d is the thickness of the EPI- or Cz-silicon (see706

Fig. A.11a)). The index i in Fig. A.11a) runs from 0 to n and707

the boundary between the depleted and the non-depleted region708

is labelled mk. The index k indicates the temperature step Tk709

and varies between 0 (the start temperature T0) and f (the final710

Temperature T f ).711

As the emission rate of the BiOi defect is governed by the712

3-D Poole-Frenkel effect (Eq. (15, 16, 17)) the electric field dis-713

tribution E(T, x) has to be calculated via the Poisson equation714

(Eq. (19)) for a known effective space charge density N′eff(T, x)715

(Eq. (18)). Considering the finite element method mentioned716

above, the Poisson equation can be written as:717

Ek,i+1 − Ek,i =
q0N

′

eff,k,i

ε0εr
·

d
n

(A.1)

Considering the boundary condition between the depleted and718

the non-depleted region719

Ek,i = 0 for i ≥ mk, (A.2)

the Ek,i is given by (according to Eq. (A.1)):720

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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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 to721

the boundary or the indicated layer i. Further, the applied bias722

voltage Vbias is given by the sum of all electric field steps Ek,i723

up to the temperature dependent mk value, as given by:724

Vbias =

mk∑
i=0

Ek,i ·
d
n

(A.4)

This equation (Eq. A.4)) is then used to calculate mk by rising725

mk from 0 up to the value that fulfils Eq. (A.4). Thus for the726

description of Eq.(A.1-4), the only unknown parameter for ob-727

taining the Ek,i is N
′

eff,k,i. In Eq.(18), N
′

eff,k,i can be obtained by728

fk,i, which in finite elements method can be written as:729

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-730

perature T0 to the Tk. The Eq. (18) can be changed to:731

N
′

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

Considering the 3-D Poole Frenkel effect, the emission rate can732

be written to:733

ep f
n,k,i = σnvth,nNcexp

(
−

Ea0

kBTk

)  1
γ2

k,i

 (eγk,i
(
γk,i + 1

))
+

1
2


(A.7)

with734

γk,i = ξ ·

√
q0|Ek,i|

πε0εr
·

q0

kBTk
(A.8)

For the electron capture cross section we used the value of735

σn = 1.05 × 10−14 cm2 determined experimentally in [12]. The736

zero field activation energy of the BiOi defect, Ea0, was previ-737

ously determined to be between 0.271 eV and 0.288 eV for sil-738

icon diodes with resistivities varying from 50 Ω·cm to 2 kΩ·cm739

and irradiated with 23 GeV protons [13]. Ea0 values were tuned740

for getting the best fit between simulated and measured data,741

and all parameters used in the simulation are given in Table 2.742

The concentration [BiOi] used for TS-Cap simulation was ex-743

tracted from the TS-Cap measurement according to Eq. (14).744

The initial conditions for Tk, N
′

eff,k,i, ep f
n,k,i, fk,i, n and the ap-745

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

eff,0,i (N0) as extracted746

from TS-Cap at 80 K, ep f
n,0,i = 0, f0,i = 1, n = 1000 and Vbias =747

-100 V. Then, it is obtained that for initial T0 electric field dis-748

tribution E0,i decreases linearly from 1.2 × 105 and 5.8 × 104
749

to 0 V/cm for 5.5 MeV electrons with Φe = 4 × 1015 cm−2
750

and 23 GeV protons Φp = 6.91 × 1013 cm−2 irradiation, respec-751

tively. It was also given that the m0 is equal to 320 and 690752

for electrons and protons irradiation, respectively. Such val-753

ues were extracted from Eq. (A.3) and Eq. (A.4). Next, these754

values were used to calculate the emission rate ep f
n,1,i, f1,i and755

N
′

eff,1,i (Eq. (A.5-8)), with which the distribution of the electric756

field E1,i and m1 are calculated. This step by step calculation757

continues until the final temperature T f is reached. Also, the758

temperature dependent depletion depth is calculated according759

to w(Tk) = mk · d/n. The selected Te must be higher than the760

temperature of the end of emission, and in this work Te = 120 K761

was chosen for simulation. The TSC values at Tk can also be762

calculated according to:763

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-764

surements, the TSC spectrum was also simulated and compared765

with the measured data.766
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