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This work is focusing on generation, time evolution, and impact on the electrical performance of

silicon diodes impaired by radiation induced active defects. n-type silicon diodes had been irradi-

ated with electrons ranging from 1.5 MeV to 27 MeV. It is shown that the formation of small clus-

ters starts already after irradiation with high fluence of 1.5 MeV electrons. An increase of the

introduction rates of both point defects and small clusters with increasing energy is seen, showing

saturation for electron energies above �15 MeV. The changes in the leakage current at low irradia-

tion fluence-values proved to be determined by the change in the configuration of the tri-vacancy

(V3). Similar to V3, other cluster related defects are showing bistability indicating that they might

be associated with larger vacancy clusters. The change of the space charge density with irradiation

and with annealing time after irradiation is fully described by accounting for the radiation induced

trapping centers. High resolution electron microscopy investigations correlated with the annealing

experiments revealed changes in the spatial structure of the defects. Furthermore, it is shown that

while the generation of point defects is well described by the classical Non Ionizing Energy Loss

(NIEL), the formation of small defect clusters is better described by the “effective NIEL” using

results from molecular dynamics simulations. VC 2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4918924]

I. INTRODUCTION

The present work had been largely triggered by the chal-

lenge presented by the Large Hadron Collider (LHC) at the

European Nuclear Research Centre CERN and its planned

High Luminosity upgrade (HL-LHC) foreseen now to start

in 2020.1 Silicon detectors are increasingly in use for various

applications in fundamental research such as elementary par-

ticle and nuclear physics and research with photons or radia-

tion in free electron laser experiments.2 The main reason for

the extended use of these detectors is the unique flexibility of

their structural design for extreme high spatial and time reso-

lution with high signal to noise ratio, the possibility for elec-

tronic integration on the same chip, and the large experience

in semiconductor process technology. However, the impact

of the large particle intensity by charged hadrons leads to

radiation damage effects in the silicon material and hence to

degradation in the detector performance limiting their practi-

cal use. Any promising attempt for radiation hardening of

the silicon material as well as improvements by modifying

the detector processing will rely on a thorough knowledge of

the generation of electrically active defects in the bulk mate-

rial. Macroscopic effects induced by irradiation in silicon

detectors as seen from the device electrical characteristics

measured at room temperature (RT) are:3–10 (i) Strong
increase of the detector leakage current (LC). This fact

requires cooling to cope with the otherwise unavoidable

heating due to the dissipation power in large area installa-

tions thus to ensure a tolerable signal/noise ratio for the

detection of minimum ionizing particles. (ii) Change of the
space charge concentration (Neff—effective doping) and

thus of the depletion voltage leading to an apparent type

inversion. (iii) Considerable reduction of Charge Collection
Efficiency (CCE). An increased charge carrier trapping

reduces the signal obtained from a traversing particle and

hence affects the signal to noise ratio. These “macroscopic”

damage effects are not only depending on the irradiation flu-

ence but are even susceptible to considerable changes during

long term storage after irradiation (annealing effects). Both

beneficial annealing (during short time after irradiation) and

detrimental-annealing effects (during long time storage) are

observed, which would either reduce, respectively, increase

the originally observed damage effects. This is of extreme

importance envisioning a total operation period of 10 and 5

years for the LHC and HL-LHC experiments, respectively.

Among the multitude of radiation induced electrically active

defects10–34 only some proved to have a direct impact on the

“macroscopic” behavior of the sensors operating at ambient

temperatures. These point- or extended-defects are labeled in

the literature as: Ip—a deep acceptor strongly generated in

oxygen lean, standard float-zone material (STFZ)22–24 and

BD—a bistable thermal donor (TDD2)24,26,27 strongly gener-

ated in oxygen rich float-zone material (DOFZ), both associ-

ated with point defects that are stable at room temperature

and determining the Neff in silicon diodes irradiated with

Co60 g-rays; E(30K)—a shallow donor contributing to thea)R. Radu and I. Pintilie contributed equally to this work.
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beneficial annealing after hadron irradiation, strongly gener-

ated in diodes irradiated with charged particles;10,29

H(116K), H(140K), H(152K)—cluster-related hole traps

with enhanced field emission (acceptors in the lower part of

the Si bandgap), contributing fully with their concentration

to Neff and causing the long term annealing effects (reverse

annealing) in hadron irradiated silicon diodes;10,29 the bista-

ble E4 and E5 energy levels-identified with the double and

single acceptor charge state of the V3 defect in a configura-

tion part of a hexagonal ring (PHR), respectively,30–33 a

defect contributing to the magnitude of the leakage current

in the Si sensors and bipolar transistors upon irradiation with

high energy particles.28,31 The most important characteristics

of these defects, including some features resulted from the

present work, are summarized in Table I. The present work

is focusing on generation and annealing of the defects having

a direct influence on the device characteristics. The radiation

damage for the above mentioned applications is primarily

due to bulk damage, consisting in the generation of isolated

point- and extended cluster defects. As point defects are pro-

duced by low energy silicon recoils, cluster effects are due to

larger energy recoils which will then lead to a dense cascade

of silicon atoms removed from their specific lattice sites. For

investigating the generation process of point and extended

defects, we have used irradiation by mono-energetic elec-

trons in a wide energy range from 1.5 to 27 MeV.

II. EXPERIMENTAL DETAILS

A. Samples

The studies presented in this work are performed on three

types of n-type silicon crystals with a (100) orientation: (i)

STFZ, (ii) DOFZ, and (iii) n-type epitaxial silicon layer (EPI)

grown on a Czochralski substrate. The thickness of the pþ-n-

nþ planar pad diodes is 280 lm for float-zone materials (STFZ

and DOFZ) and 50 lm for EPI silicon. The doping concentra-

tion is Nd¼ 8� 1011 cm�3 in float-zone samples and Nd¼ 6

� 1013 cm�3 in EPI material. For all samples (26 in total), the

areas of the front (pþ) and back (nþ) contacts are 5� 5 mm2

and 10� 10 mm2, respectively. The oxygen enrichment for the

DOFZ process was achieved by a 72 h post-oxidation O diffu-

sion at 1150 �C resulting in an average oxygen concentration

of 1.2� 1017 cm�3, �20 times larger than in the STFZ ones.10

The oxygen content in EPI diodes is 2� 1017 cm�3, similar to

the DOFZ samples. The Carbon content in all of the investi-

gated materials is �2� 1015 cm�3.10

B. Irradiations

These samples were irradiated with electrons with ener-

gies of 1.5 MeV, 3.5 MeV, 6 MeV, 15 MeV, and 27 MeV and

fluence values ranging from 5 � 1011 cm�2 to 2 � 1016

cm�2 using different irradiation facilities: with 1.5 MeV

electrons at the Energy and Nuclear Research Institute

(IPEN-CNEN/SP), Sao Paolo, Brazil,35 with 3.5 MeV elec-

trons at the Belarusian State University, Belarus,36 with

6 MeV and 27 MeV electrons at the Metrology Institute PTB,

Braunschweig, Germany,37 and with 15 MeV electrons at

the ELBE facility at the Helmholtz-Zentrum Dresden-

Rossendorf, Germany.38

C. Characterization

The irradiated samples have been characterized primar-

ily by means of Capacitance-Voltage (CV) and Current-

Voltage (IV) characteristics at 20 �C. For all the samples, the

CV measurements are performed with an ac small signal of

0.5 V and frequency of 10 kHz. Investigations of electrically

active defects induced by irradiation have been performed

by Deep Level Transient Spectroscopy (DLTS) and

Thermally Stimulated Current (TSC) techniques, on samples

with the guard ring grounded. This procedure is required for

an accurate determination of the trap concentrations.26,39 For

all the TSC measurements, the filling of the traps was per-

formed at 10 K with a forward current of 2 mA (reachable by

applying a forward bias usually larger than 10 V) for 30 s.

The heating rate used to record the TSC spectra was 11 K/

min. Saturation of the TSC peaks was obtained for reverse

biases of VR� 200 V applied during heating. For the investi-

gation of the annealing process with the DLTS and TSC

techniques, an isothermal heat treatment at 80 �C was chosen

to accelerate the process with respect to room temperature.

This isothermal study is the common procedure in the

CERN-RD50 community3–6 for comparison with other

experiments. The formation of the extended defects and the

change in their spatial structure during annealing experi-

ments was investigated by High Resolution Transmission

Electron Microscopy (HRTEM). The microstructure investi-

gation has been carried out on cross-section specimens with

the JEOL JEM-ARM/200F field emission atomic resolution

analytical electron microscope operating at 200 kV. Cross

section TEM specimens have been prepared in the conven-

tional way by sawing the specimens, gluing the pieces film

to film, mechanical thinning with the tripod, followed by ion

milling using the Gatan PIPS machine.

D. Impact of defects on the device electrical
characteristics

According to the trapping parameters (energy position

of the defect level in the bandgap of the semiconductor mate-

rial Et, capture cross section for electrons rn and for holes

rp) and concentration (Nt), and by neglecting the concentra-

tion of free carriers in the depleted region of the diode, the

change in the leakage current in stationary conditions at a

certain temperature (T) caused by a certain defect can be

estimated based on Schockley-Read-Hall statistics as40–42

DLC Tð Þ ¼ q� A� d � Nt
en Tð Þep Tð Þ

en Tð Þ þ ep Tð Þ
; with

en Tð Þ ¼ vth;n Tð Þ � rn Tð Þ � NC � exp �Ec � Et

kBT

� �
;

ep Tð Þ ¼ vth;p Tð Þ � rp Tð Þ � NV � exp �Et � EV

kBT

� �
;

(1)

where q is the elementary charge, A is the area of the diode,

d is the diode thickness, vth,n,p are the thermal velocities of
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TABLE I. Electrical properties of point and extended defects relevant for detector operation.

Defect label Assignment and particularities

Configurations and

charge states

Energy levels (eV) and capture

cross sections (cm2)

Impact on electrical characteristics of Si

diodes at RT

E(30 K) Not identified extended defect.

Donor with energy level in the upper part of the

bandgap, strongly generated by irradiation with

charged particles10,29

Linear fluence dependence (this work)

E(30 K)0/þ Ec � 0.1 rn¼ 2.3 � 10�14 Contributes in full concentration with posi-

tive space charge to Neff

BD TDD2—point defect

Bistable donor existing in two configurations

(A and B) with energy levels in the upper part of the

bandgap, strongly generated in Oxygen rich

material24,26,27

BDA
0/þþ EC � 0.225 rn¼ 2.3� 10�14 It contributes twice with its full concentra-

tion with positive space charge to Neff, in

both of the configurations
BDB

þ/þþ EC � 0.15 rn¼ 2.7� 10�12

Ip Not identified point defect.

Suggestions: V2O or a Carbon related center10,22–24

Amphoteric defect generated via a second order pro-

cess (quadratic fluence dependence), strongly gener-

ated in Oxygen lean material22–24 (this work)

Ip
þ/0 EV þ 0.23 rp¼ (0.5–9) � 10�15 No impact

Ip
0/� EC � 0.545 rn¼ 1.7 � 10�15

rp¼ 9 � 10�14

Contributes to both Neff and LC

E75 Tri-vacancy (V3)—small cluster

Bistable defect existing in two configurations

(FFC and PHR) with acceptor energy levels in the

upper part of the bandgap10,28,30–33

Linear fluence dependence (this work)

FFCV3
�/0 Ec � 0.075 eV rn¼ 3.7 � 10�15 No impact

E4 PHRV3
¼/� Ec � 0.359 rn¼ 2.15 � 10�15 No impact

E5 PHRV3
�/0 Ec � 0.458 rn¼ 2.4 � 10�15

rp¼ 2.15 � 10�13

Contributes to LC

H(116 K) Not identified extended defect.

Acceptor with energy level in the lower part of the

bandgap10,29

Linear fluence dependence (this work)

H(116 K)0/� EVþ 0.33 rp¼ 4� 10�14 Contributes in full concentration with nega-

tive space charge to Neff

H(140 K) Not identified extended defect.

Acceptor with energy level in the lower part of the

bandgap10,29

Linear fluence dependence (this work)

H(140 K)0/� EVþ 0.36 rp¼ 2.5� 10�15 Contributes in full concentration with nega-

tive space charge to Neff

H(152 K) Not identified extended defect.

Acceptor with energy level in the lower part of the

bandgap10,29

Linear fluence dependence (this work)

H(152 K)0/� EVþ 0.42 rp¼ 2.3 � 10�14 Contributes in full concentration with nega-

tive space charge to Neff
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electrons (n) or holes (p), NC,V are the effective density of

states in the conduction/valence band, and EC and EV are the

conduction and valence band edge energies, respectively.

Depending on the charge state of the defect (acceptors

�/0 or donors þ/0), the change in the effective doping con-

centration in an n-type diode, under stationary conditions,

can be estimated according to the steady state occupancy of

the defect (nt—when occupied by electrons and pt when

occupied by holes)

DNacceptor
ef f Tð Þ ¼ �nacceptor

t Tð Þ ¼ �Nacceptor
t

ep Tð Þ
en Tð Þ þ ep Tð Þ

;

DNdonor
ef f Tð Þ ¼ þpdonor

t Tð Þ ¼ þNdonor
t

en Tð Þ
en Tð Þ þ ep Tð Þ :

(2)

When more defects are involved the resulting effective dop-

ing concentration can be estimated by

Nef f ðTÞ ¼ Nd þ
X

i

pdonor
t;i ðTÞ �

X
j

nacceptor
t;j ðTÞ: (3)

It is worth noting that in order to determine the influence of

the defects on the electrical characteristics of the device both

capture cross sections (rn and rp) have to be known. This is

important for defects with energy levels close to the midgap

when the emission rates en and ep may be comparable and

hence none of them can be neglected.

III. DEFECT INVESTIGATIONS

A. Electrical characterization: Generation rates,
annealing, and impact on the device characteristics

As mentioned above, the defect formation, from point

defects to clusters, is scanned in this work by performing

irradiation with electrons of five different energies ranging

from 1.5 MeV to 27 MeV. The samples irradiated with low

fluence were investigated by means of DLTS technique,

while TSC experiments were employed for highly irradiated

diodes. The DLTS spectra recorded after irradiation of an

EPI diode with 1.5 MeV electrons, fluence U¼ 1.75 � 1014

cm�2, are shown in Fig. 1.

One can observe that all the detected DLTS peaks are

associated only with the well-known point defects, namely,

VOi, CiOi, and V2 (in the two acceptor charge states). Thus,

the main damage caused by irradiation with low fluence of

1.5 MeV electrons is due to the generation of point defects

only, originating from primary-generated interstitials and

vacancies that are mobile at room temperature.

This is similar to the case of irradiations with Co60-c-

rays of STFZ and DOFZ diodes.24 Low fluence irradiations

with electrons of larger energies reveal the generation of

small clusters of tri-vacancies (V3) in PHR configuration. In

this planar configuration, the V3 defect has two energy lev-

els, corresponding to double and single acceptor states at

0.359 eV and 0.458 eV below the conduction band of sili-

con.30 Examples of DLTS spectra recorded after irradiation

with electrons of 3.5 MeV and 27 MeV are shown in Fig. 2.

Thus, starting with electrons of 3.5 MeV, the recoil energy is

sufficiently high to knock out secondary atoms frequently.

The fluence dependence of VO, V2, and V3 defects

detected in these DLTS studies is linear as can be observed

from the fits shown in Fig. 3(a) (example given for the irradi-

ations with 3.5 MeV and 15 MeV electrons). The defect con-

centrations were extracted from the DLTS spectra measured

on as irradiated samples. The fits in the log-log scale are

done by fixing the slope to 1 (in a linear x-y scale this corre-

sponds to a linear fit with intercept at 0). For the defect con-

centrations showing a linear fluence dependence, the

introduction rates, known also as generation rates, can be

calculated as the ratio between the defect concentration and

irradiation fluence for different electron energies. For the

VO, V2, and V3 (in PHR configuration) defects the introduc-

tion rates as function of the electron energy are shown in

Fig. 3(b). For the irradiations with low energy electrons, the

introduction rates of V2 and V3 (PHR) can be readily deter-

mined by analyzing the electron emission from the double

charge states, that are better separated in temperature than

the defects single acceptor states. However, for the irradia-

tions with high energy electrons (starting with 15 MeV), the

signals from V2
¼/� and V3

¼/� start to be reduced by cluster-

ing effects as it has been observed previously for the V2 in

ion implanted and hadron damaged diodes.10,17 For the irra-

diations with 15 and 27 MeV, the introduction rates were cal-

culated based on the results given by the fit of the DLTS

peak corresponding to the emission from the single charge

states of V2 and V3 (PHR) as shown in Fig. 2(c). The con-

centration of V2 was estimated from the DLTS spectra meas-

ured after annealing out of the V3 (PHR). The concentration

of V3 (PHR) was then determined from the DLTS spectra

measured on as-irradiated samples after subtracting the con-

tribution of V2.

The increase of the introduction rates of the single

vacancies, di-vacancies (also suggested by Corbett43), and

tri-vacancies seems to have a saturation behavior for ener-

gies higher than 15 MeV, in agreement with the results of

FIG. 1. DLTS spectra measured on an EPI diode, irradiated with 1.5 MeV

electrons (U¼ 1.75� 1014 cm�2), after electron injection (filled symbols)

and forward biasing (open symbols). Measurements done with: reverse bias

UR¼�20 V, voltage pulse for electrons injection UP,e¼�0.1 V, forward

voltage pulse for bipolar injection UP,Fw¼ 3 V, pulse width tP¼ 100 ms, and

time window TW¼ 200 ms.
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Wood et al.44 showing that primary knock on atoms (PKA’s)

above 12 keV are converting into lower-energy sub-cascades

and point defects.

Annealing studies at moderate temperatures (80 �C) ena-

ble to predict the long term evolution of defects at room tem-

perature,45 and the changes in the detector performances if

the parameters of the annealing process are known. Thus,

Fig. 4(a) shows the isothermal annealing at 80 �C of a DOFZ

diode irradiated with 6 MeV electrons. The spectrum in the

range 95 K to 300 K is magnified by a factor of 3. It has been

shown previously28,30 that the defects explaining the main

part of the leakage current are the tri-vacancies V3
(�/0) (also

known as a cluster-related defect).

As shown in the literature, this defect is bi-stable, chang-

ing its configuration at ambient temperatures from a PHR

configuration to a fourfold coordinated (FFC) one,30 while it

is stable up to 220 �C.32,33 It has been shown previously that

the recovery of both DLTS signals (from V3
¼/� and V3

�/0)

is possible by injection of a high forward current (1 A at

20 �C for 10 min).28,30,31 If the V3 defect is partly responsi-

ble for the leakage current, then both the leakage current and

the defect concentration should have also a similar annealing

behavior. Fig. 4(b) shows a comparison between the meas-

ured leakage current (open symbols) and the V3 defect con-

centration (filled symbols). The leakage current at full

depletion was extracted from the I-V measurements at 20 �C.

As depicted in Fig. 4(b), the time constants for the

annealing at 80 �C of the leakage current and of the concen-

tration of V3 defects in planar configuration (PHR) are very

similar, s¼ (44 6 3) min for LC and s¼ (43 6 2) min for V3.

These experiments indicate that the variation seen in the leak-

age current is entirely related to the change in the concentra-

tion of V3 in PHR configuration. In particular, a direct

connection between the V3 concentration and the leakage cur-

rent via the V3
(�/0) is plausible as the energy level is located

close to the middle of the band gap, and thus may constitute

an effective generation center. The energy and the electron

capture cross section for this defect level are known to be

0.458 eV below EC and rn¼ 2.4 � 10�15 cm2, respectively.30

FIG. 3. (a) Fluence dependence of VO, V2, and V3 defects—example of lin-

ear fits for samples irradiated with different fluences of 3.5 MeV and

15 MeV electrons. The fit with fixed slope 1 gives correlator coefficients

larger than 0.99. (b) Introduction rates for VO, V2, and V3 defects as func-

tion of electron energy.

FIG. 2. DLTS spectra measured on DOFZ (open symbols) and STFZ (filled

symbols) diodes after irradiation with: (a) 3.5 MeV electrons, UDOFZ¼ 1.7

� 1012 cm�2, USTFZ¼ 1.95 � 1012 cm�2; (b) 27 MeV, UDOFZ¼ 7.1 � 1011

cm�2, USTFZ¼ 7.5 � 1011 cm�2; (c) 27 MeV, UDOFZ¼ 7.1 � 1011 cm�2,

clustering effect reflected in different magnitudes of the DLTS peaks for the

double and single charged states of V2 and V3 defects. The positive spectra

correspond to electron injection pulses and the negative ones to pulses of

forward biasing Measurements done with: UR¼�10 V, UP,e¼�0.1 V,

UP,Fw¼ 3 V, tP¼ 100 ms, and TW¼ 200 ms.

164503-5 Radu et al. J. Appl. Phys. 117, 164503 (2015)



Using these trapping parameters in Eq. (1) as well as the ex-

perimental values obtained for the change in the leakage cur-

rent and in the V3 concentration, the capture cross section for

holes of the V3
(�/0) acceptor state can be determined as well,

resulting in a value of rp¼ 2.15 � 10�13 cm2.

It is worth mentioning here that the �30% decrease of the

leakage current due to the transformation of V3 from PHR to

FFC configuration in the DOFZ diode (doping 8� 1011 cm�3)

irradiated with 6 MeV electrons and U¼ 1.55� 1012 cm�2,

depicted in Fig. 4(b), is not common to all the investigated

cases. Thus, for the same electrons energy, by increasing the

irradiation fluence, although the introduction rate of V3 in the

PHR configuration remains the same, the decrease of the leak-

age current during the annealing out V3 in PHR configuration

is less and less pronounced becoming of �10% for diodes irra-

diated with 6 MeV electrons and U¼ 5.9� 1013 cm�2. On the

other hand, by increasing the electron energy to 15 MeV or

27 MeV, the introduction rate of V3 in PHR configuration

increases roughly with a factor of 3 and its contribution to the

leakage current increases. For example, the decrease of the

leakage current measured in samples irradiated with 27 MeV

electrons is about 60% for U¼ 7.5� 1012 cm�2 (V3 in PHR

configuration monitored by DLTS) and below 10% for heavily

irradiated samples (measured by TSC where V3 could not be

monitored—measurements described later on). In the latter

case, several other defects start to be generated (as Ip—second

order point defect and other complex defects) and they may

have important contributions to the leakage current. Thus,

while the contribution of V3 to the leakage current increases

with electron energy it decreases with increasing the irradiation

fluence.

Other point and extended defects can be observed after

irradiation with larger fluence values, using the TSC tech-

nique, where the DLTS method is not applicable anymore.

Examples of TSC spectra obtained after irradiation with

electrons of different energies and for a fluence of U¼ 2.2

� 1014 cm�2 are given in Fig. 5(a). The filling of the traps

was done at 10 K by injecting a forward current of 2 mA for

30 s. It is worth mentioning that, similar to the DLTS tech-

nique, by forward injection not all the electrically active

defects can be filled and thus, detected in the corresponding

TSC spectrum. The density of electrons (nt) or holes (pt)

trapped at the filling temperature (Tfill) on a certain defect

depends on the values of rn and rp according to26,40–42

nt Tf illð Þ ¼ Nt
rn Tf illð Þ � vth;n Tf illð Þ

rn Tf illð Þ � vth;n Tf illð Þ þ rp Tf illð Þ � vth;p Tf illð Þ
;

pt Tf illð Þ ¼ Nt � nt Tf illð Þ: (4)

FIG. 4. (a) Isothermal annealing at 80 �C of a DOFZ diode irradiated with

6 MeV electrons with a fluence of U¼ 1.55� 1012 cm�2. Measurements

were done with: UR¼�10 V, tP¼ 100 ms, TW¼ 200 ms, and UP¼�0.1 V.

(b) Annealing behavior of the concentration of the V3 defects in PHR config-

uration and of the leakage current measured at 20 �C.

FIG. 5. (a) TSC spectra after irradiation with different electron energies and

normalized to U¼ 2.2 � 1014 cm�2, measured on DOFZ material after

annealing for 8 min at 80 �C; (b) annealing-in of H(116 K), H(140 K), and

H(152 K) defects in STFZ and DOFZ diodes irradiated with 15 MeV elec-

trons and U¼ 2.2 � 1014 cm�2—annealing performed at 80 �C. Filling of

the traps was performed at 10 K by 2 mA forward injection for 30 s.

164503-6 Radu et al. J. Appl. Phys. 117, 164503 (2015)



Thus, after forward injection electron traps having rp � rn

(e.g., V2
�/0 (Ref. 18) and V3

�/0 (Ref. 30 and this work)) or hole

traps with rn� rp (e.g., CiOi
þ/0 at low temperatures18,29) can-

not be filled to give rise to a TSC emission peak.

Known as point defects in Fig. 5(a) (detected also after

gamma-irradiation) are: IO2 (the interstitial oxygen dimer),

VOi, the BD, and the Ip defects.10,23,26 Several other defects,

among which H(116 K), H140 K), and H(152 K) are accept-

ors in the lower part of the silicon bandgap and E(30 K) is a

shallow donor in the upper part of the gap, are also known

from hadron irradiations10 but not seen after irradiations

with 60Co-c-rays,8,10,23,24 as expected because of the low

electron energy. As can be observed in Fig. 5(a), these elec-

trically active defects can already be detected in very small

concentrations after irradiation with high fluence of 1.5 MeV

electrons, and their generation increases with the electron

energy suggesting that they are extended defects. It is worth

mentioning that the E(30 K) defect is not detected immedi-

ately after irradiation.29 This defect anneals-in after irradia-

tion is stopped reaching its maximum concentration after

�200 min annealing at 80 �C. The TSC signals from

H(116 K), H140 K), and H(152 K) defects continue to grow

during much longer times after the irradiation is performed

and tend to stabilize after 4000 min—see Fig. 5(b). Due to

the strong overlapping of the TSC signals from H(140 K)

and H(152 K) defects, an estimation of their generation rates

can be properly done only by considering them together. The

fluence dependence can be estimated from the saturated val-

ues (after annealing of 4000 min at 80 �C) of the defect con-

centrations (determined by integrating the corresponding

TSC peaks), obtained on samples exposed to different irradi-

ation levels. A good example in this respect is given in Fig.

6(a) for 6 STFZ samples irradiated with 6 MeV electrons in a

fluence range between 2 � 1014 and 1.2 � 1015 cm�2. As it

can be observed, all the E(30 K) and the H defects are gener-

ated in concentrations increasing linearly with the irradiation

fluences. For these centers, the fit in the log-log scale it is

done by fixing the slope to 1. The same figure shows also the

concentration of the Ip point defect versus fluence, fitted by

fixing the slope to 2, as the only example of a defect with a

non-linear fluence dependence (in fact quadratic) found so

far. Thus, for E(30 K) and the H defects, the results are given

in Fig. 6(b). A saturation of the rates for all these cluster-

related defects starts to be observed around 15 MeV electron

energy. One can observe that only the generation of E(30 K)

defect is influenced by the oxygen content. This is clearly

seen for electron energies larger than 3.5 MeV where the

introduction rate is significantly larger (�40%) in DOFZ

compared to STFZ. In contrast, although a slight difference

in the annealing-in time dependence exists between STFZ

and DOFZ materials (see Fig. 5(b)), the generation rates for

the H defects are very similar indicating that oxygen is not

directly involved in the formation of these defects, leading to

the supposition that they might be related to higher order va-

cancy complexes (Vn>3).

Relevant for applications is whether the radiation

induced defects affect the sensor characteristics at their

operational temperature and to what extent. As acceptors in

the lower part of the gap, the H defects have a direct impact

(contributing with negative charge) on the effective space

charge concentration of the irradiated diodes. Similar, the

E(30 K) donor, with an energy level close to EC contributes

also in full concentration with positive charge to Neff at am-

bient temperatures. Accounting also for the negative charge

introduced by the Ip defect via its single acceptor level Ip
0/�,

giving rise to a TSC peak around 200 K, and for the BD do-

nor, the Neff can be calculated according to Eqs. (2) and (3).

The resulting Neff calculated on the basis of the defect con-

centrations determined from TSC experiments for a tempera-

ture of 20 �C is given in Fig. 7 for the STFZ and DOFZ

diodes irradiated with 15 MeV electrons. In the same figure,

the Neff determined from the experimental C-V curves is

given as well. One can observe that both types of diodes

undergo space charge sign inversion (get “inverted”) during

the annealing time, resulting in negative values of Neff at the

end of the annealing. As already known, the higher oxygen

content in DOFZ compared with STFZ material favors the

formation of shallow donors (as BD and E(30 K)), while the

generation of the close to midgap acceptor like defect Ip is

suppressed. This, together with the faster annealing-in of the

H defects in STFZ compared with DOFZ material (see Fig.

5(b)) leads to a delay in the appearance of the “type inver-

sion” effect in DOFZ diodes. The good agreement between

the two methods of determining the Neff in irradiated diodes

confirms that the defects determining the changes of the de-

vice performance at ambient temperatures after irradiation is

stopped are not the point defects but the small clusters of

defects as E(30 K), H(116 K), H(140 K), and H(152 K).

FIG. 6. (a) Fluence dependence: defect concentrations (symbols) in STFZ

samples irradiated with different fluences of 6 MeV electrons. The lines rep-

resent the linear fits performed with fixing the slope¼ 1 for E(30 K),

H(116 K) and H(140 K)þH(152 K) and slope¼ 2 for the Ip defects. The cor-

relation coefficients for these fits are all above 0.99. (b) Introduction rates of

extended defects E(30 K), H(116 K), H(140 K), and H(152 K) in STFZ and

DOFZ materials as function of electron energy.
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In addition, there are indications that part of the H defects

can change their configuration at RT from an electrically active

one giving rise to H(116 K) and H(140 Kþ 152 K) TSC peaks

to an electrically inactive one (without energy levels in the

bandgap of silicon) undetectable in electrical measurements.

This phenomenon is observed in inverted diodes. An example

is given in Fig. 8 for a STFZ diode irradiated with 27 MeV

electrons, U¼ 3.56� 1014 cm�2 and annealed for 3960 min at

80 �C. It can be observed that after the heat treatment at 80 �C
the magnitudes of the H(116 K) and H(140 Kþ 152 K) peaks

decrease if the diode is kept few hours in the dark at RT (com-

pare curves 1 and 2 in Fig. 8(a)). The difference in the

H(116 K) and H(140 Kþ 152 K) defect concentration is

D[H]1�2¼ 2.4 � 1011 cm�3. This change in the defect concen-

tration, reflected fully as a decrease of Neff in “type” inverted

diodes, should lower the depletion voltage Vdep by 14.3 V

(Vdep¼ qd2Neff/2e0er, with e0 and er being the vacuum permit-

tivity and the relative dielectric constant of silicon, respec-

tively). Indeed, a decrease of Vdep with �15 V is seen in the C-

V characteristics (compare curves 1 and 2 in Fig. 8(b)). As

shown in Fig. 8(c), no change in the saturation value of the

leakage current (for V>Vdep) is observed. The I-V shape is

typical for diodes after “type inversion.” Depletion starts at the

rear (nþ) side which has an about 4 times larger area compared

to the pþ electrode, and with increasing reverse bias the

depleted volume is much larger compared to the one when the

depletion starts from the pþ contact (for non-inverted diodes).

When full depletion is achieved the guard ring start to act as a

current collection ring for the outer part of the current distribu-

tion, which results in a sudden decrease of the pþ pad current

to a value which corresponds to the volume given by the pþ

area and the thickness of the device.

It can be observed that by forward injection (1 A, 30 min

at RT) one not only regains the original TSC peaks measured

immediately after the annealing at 80 �C but also even larger

FIG. 7. The effective doping concentration, as determined from C-V charac-

teristics at 20 �C (open symbols) or calculated with Eq. (3) and accounting

the defect concentration evaluated from TSC experiments, versus annealing

time at 80 �C, after irradiation with 15 MeV electrons, of: (a) STFZ diode

U¼ 2.18 � 1014 cm�2; (b) DOFZ diode, U¼ 1.96 � 1014 cm�2.

FIG. 8. Bistability of H(116 K), H(140 K), and H(152 K) defects and corre-

sponding change in the depletion voltage of a STFZ diode irradiated with

27 MeV electrons, U¼ 3.56 � 1014 cm�2 and annealed for 3960 min at

80 �C: (a) TSC spectra; (b) C-V curves measured with a frequency of 10

kHz and 0.5 V small ac signal; and (c) I-V characteristics measured all at

20 �C. The measurements were performed consecutively, the first just after

the annealing (curves 1), the second 24 h after annealing while the sample

was kept in dark at 290 K (curves 2), and the third ones after performing a

1 A forward injection at 0 �C (curves 3) for 30 min.
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TSC signals are measured (curve 3 in Fig. 8(a)). The increase

in concentration is D[H]3�1¼ 1.8 � 1011 cm�3 compared

with the first measurements (compare curves 1 and 3 in

Fig. 8(a)). Accordingly, the depletion voltage should

increase with 10.7 V, close to 11.5 V value determined from

C-V characteristics (compare curves 1 and 3 in Fig. 8(b)). In

addition, the 1 A forward injection causes an increase of the

leakage current by �0.15 lA (compare curves 1, 2, and 3 in

Fig. 8(c)) that cannot be connected with the variation of the

H defects concentration. As discussed previously, the 1 A

forward injection can change the configuration of V3 defects,

from FFC (common after long time annealing) to PHR (seen

some time after irradiation or activated after 1 A forward

injection).28,30,31 Therefore, we interpret this �8% change in

the leakage current as an increase of the concentration of V3

in PHR configuration with respect to the FFC one. Due to

the similar bistability of the V3 and H defects, it is tempting

to associate the H(116 K) and H(140 KþH152 K) defects

with higher order of vacancy clusters as tetra- and penta-

vacancies, in agreement with ab initio calculations presented

in Ref. 46 predicting that in silicon V3, V4, and V5 have two

configurations, one of PHR type and a more stable but elec-

trically inactive FFC one. However, for V3 in the FFC con-

figuration, a shallow donor labeled E75 was found.30

B. Investigation by HRTEM

STFZ and DOFZ silicon wafers irradiated with 15 MeV

electrons at a fluence of 1 � 1016 cm�2 and 27 MeV elec-

trons at a fluence of 2 � 1016 cm�2, respectively, have been

extensively studied by high resolution transmission electron

microscopy.

Fig. 9(a) shows an HRTEM image along the [110] zone

axis of the 15 MeV electron irradiated STFZ Si sample (as

irradiated) revealing by the dark contrast the presence of

clusters of point defects. Few are single cluster, i.e., a single

darker dot, but most of them are agglomerated, either along

the principal crystallographic directions forming darker lines

of clusters, or randomly, giving rise to darker patches having

dimensions of 3–5 nm. The density of defect clusters is very

high. They are rather uniformly distributed in the lattice;

therefore there is almost no region in the Si lattice not

affected by their presence. It is worth mentioning that these

types of defect clusters produced by high energy (15 MeV)

electrons in Si and observed by HRTEM are not mentioned

in literature. In earlier papers,47–51 the irradiation effects of

much lower energy electrons (400 keV–1.5 MeV) have been

studied by HRTEM. Since in our case a standard FZ Si wafer

has been irradiated, the defect clusters can be formed by

accumulation of in excess Si vacancies and self-interstitials,

the end products of the collision cascade. Furthermore,

because interstitials are very mobile at room temperature, it

is likely to presume that the cluster of defects (single dark

dots) consists mainly of vacancies, at least when they are not

agglomerated along the principal crystallographic directions

or in the black patches. It is known that a study at atomic

scale of small defect clusters is not straightforward. Correct

information can be obtained for the one dimensional (1D) or

the two dimensional (2D) clusters which have a periodic

structure along the electron beam, meaning the h110i direc-

tion, as in our case. The HRTEM images presented here

were recorded close to Scherzer defocus, where the columns

of atoms are seen in dark contrast, while the bright dots cor-

respond to channels in the Si structure. Therefore, in the

HRTEM images, the clustering of point defects is revealed

by a dark contrast. A better understanding of the structure of

these defect clusters need simulations of the HRTEM images

on suitable models created with dedicated programs, which

for the moment are not available in our laboratory.

Annealing at a low temperature for a long period of time

reveals other types of extended defects. Fig. 9(b) shows that

a long term annealing (73 380 min) at low temperatures

(80 �C) determines the formation of extended defects such as

the defect marked by arrow 1, detected by the distortions of

the {111} planes, or the defect marked by arrow 2 located in

the {113} habit planes. The dimensions of these extended

defects are in the range of 3–6 nm. The {111} defect is an

intrinsic Frank partial dislocation loop formed by the aggre-

gation of vacancies in the (100) planes of Si. The formation

of such defects was observed49,51 in FZ-Si samples irradiated

in-situ with 400 keV and 1 MeV electrons, respectively. The

FIG. 9. HRTEM image along the [110] zone axis of the STFZ Si sample

irradiated with 15 MeV electrons: (a) as irradiated, showing clusters of point

defects revealed by the dotted dark contrast some agglomerated in dark

patches or along the principal crystallographic directions are visible; inset

detail of a star-like agglomerate of defect clusters; (b) annealed for

73380 min at 80 �C showing the appearance of two types of extended defects

indicated by arrows: 1 the {111} defect and 2 the {113} defect.
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{113} defects in Si irradiated with electrons were studied by

HRTEM, in Refs. 47 and 51. As it has been pointed out, the

{113} defects result from the agglomeration of self-

interstitials produced by a prolonged irradiation with 1 MeV

electrons. It has been also suggested that self-interstitials are

firstly arranged along the h110i directions and then nucleate

in the {113} planes.

The HRTEM results on the DOFZ Si sample irradiated

with 27 MeV electrons at a fluence of 2 � 1016 cm�2 and fur-

ther annealed at low temperatures are presented in the

following.

As Fig. 10(a) reveals, the clusters of defects in the

DOFZ Si wafer irradiated with 27 MeV electrons show a

similar contrast as in the STFZ Si sample irradiated with

15 MeV electrons (see Fig. 9). As previously mentioned,

they are distributed in the whole specimen at a comparable

high concentration, meaning that the density of the intro-

duced defect clusters, as observed in the HRTEM images,

does not apparently differ, although the two samples were

irradiated at different electron energies and fluences. It might

appear an effect of saturation in the rate of introducing the

clusters of defects at high energies, as indicated in Fig. 6(b)

for the E(30 K), H(116 K), H(140 K), and H(152 K) smaller

clusters of point defects. On the other hand, regardless of the

presence of diffused oxygen in the Si samples (STFZ vs.

DOFZ), the clusters of point defects show similar contrast. It

looks like that the clusters of defects observed by HRTEM

are not related to the presence of oxygen in the samples.

The effects of low temperature annealing are not easily

observed by HRTEM. As Fig. 10(b) shows the low tempera-

ture annealing at 80 �C produces an apparent migration of

the clusters of point defects in the sense of de-grouping,

especially those agglomerated along the principal crystallo-

graphic directions, and re-grouping and/or recombination.

The result seems to be the appearance of zones where the Si

lattice looks recovered (regions with brighter contrast) alter-

nating with zones with agglomerates of defect clusters (black

patches).

IV. MODELING OF DEFECT GENERATION

The most important process for radiation damage in sili-

con is the displacement of lattice atoms. The conventionally

used value for the minimum threshold displacement energy

(Ed) is 21 eV.52 Depending on the individual collision, the

PKA energy can be much larger, thus producing a cascade of

secondary recoils across its path. At the end of a recoil range,

the non-ionizing interactions prevail, and dense agglomer-

ates (clusters) of defects are formed. The threshold PKA

energy for the production of clusters was calculated in the

past to be about 5 keV.53 Typically, clusters are large

agglomerations of vacancies or interstitials in a volume of

�20 nm3 with 105–106 atoms.54

A. Mott scattering

The primary interaction of energetic electrons with the

silicon lattice atoms is governed by the Mott scattering. The

general expression for Mott scattering is written as

dr
dX

� �
Mott

¼ dr
dX

� �
Ruthf

� RMott: (5)

Here, (dr=dXÞRuthf is the relativistic equation for Rutherford

scattering and RMott the correction according to Mott. While

the original Mott formula is quite complicated, the best prac-

tical approximation of it was given by Lijian et al.55 These

results are accurate within 1% for all atoms and electron

energies between 30 keV and 900 MeV.

The relation between the kinetic silicon recoil energy E
and the scattering angle # is derived from relativistic kine-

matics as

E ¼ E2
eb

2

MSic2

 !
� 1� cos#ð Þ; (6)

and for the recoil energy distribution we get

dr
dE

� �
¼ E2

eb
2

MSic2

 !
� dr

d cos#ð Þ

� �
; (7)

which using dX¼ 2pd(cos#) can then be derived from Eqs.

(5) and (6) together with the results from Lijian for RMott.

FIG. 10. HRTEM images along the [110] zone axis of the DOFZ Si sample

irradiated with 27 MeV electrons: (a) as irradiated, showing clusters of point

defects, many grouped along the principal crystallographic directions; inset

detail of an agglomerate of defect cluster; (b) annealed for 6860 min at

80 �C.
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According to Eq. (7), dr/dE is displayed in Fig. 11(a). It

should be noted, however, that for simplicity the screening

effect of the atomic shell had been disregarded.

B. Damage functions

The formation of point defects or clusters largely

depends on the local density of generated displacements. For

Ee ¼ 1:5 MeV (with a maximum recoil energy of 300 eV) a

maximum of 14 displacements is calculated. Including likely

recombination effects for closed Frenkel pairs, one would

not expect more than a few surviving displacements, cer-

tainly not enough to be responsible for clustering formation.

The maximum recoil energy increases with the increasing

electron energy, therefore this would lead to a stronger

increase of the cluster-related defects compared to that of

point-like defects. This is verified by the present results (see

Sec. IV C below).

There are two different approaches for describing the

Non Ionizing Energy Loss (NIEL) which is responsible for

displacement damage:

– Classical NIEL: The classical description is based on two

body elastic collisions between the PKA’s and any further

secondary recoils in the collision cascade with the lattice

atoms (binary calculations). It deals with the lattice as

being at zero absolute temperature neglecting the

enormous localized heating due to the energy dissipation

in the dense regions of the collision cascade.

– Effective NIEL: Using molecular dynamics (MD) simula-

tions, many body interactions are taken into account. At

low recoil energies, the results are predominantly different

from the classical approach. Even below the displacement

threshold, the combined interaction with many atoms may

lead to displacements.52

While the classical NIEL might still be applicable for

the cascade region with sparsely distributed Frenkel pairs,

presumably responsible for isolated point defects, we assume

that the formation of cluster related defects, related to colli-

sions with a high localized density of energy dissipation, as

present at the end of the collision cascade, is better described

by using MD simulations.

1. Classical NIEL

The basic equation for NIEL as function of the electron

energy Ee is given by

NIEL Eeð Þ ¼
NA

A

ðEmax

Emin

Q Eð ÞE dr
dE

� �
dE; (8)

where the integral is over all recoil energies E with

Emin¼Ed¼ 0.21 eV and Emax given by the relativistic

equation

Emax ¼
2Ee Ee þ 2mec2ð Þ

M0c2ASi
: (9)

NA¼Avogadro number, A¼mass of the silicon atom in

amu, E the kinetic energy of the PKA, and dr/dE the differ-

ential cross section for the Mott scattering as described

above. Q is the Lindhard partition function,56 which

describes that part of the recoil energy responsible for

displacements

Q ¼ 1

1þ kLg eð Þ : (10)

In our case: kL¼ 0.146 and e¼E/41.05 with E in keV. The

most recent evaluation for g(e) is given by Akkerman et al.57

and used here

g ¼ 0:74422eþ 1:6812e3=4 þ 3:4008e1=6: (11)

Using the input given by Eqs. (10) and (11), the displace-

ment damage for a recoil energy E can then be written as

E�Q�dr/dE. Using the full integral for normalization, the rel-

ative displacement damage is plotted in Fig. 11(b). It is

obvious that for larger electron energies, the damage part

increases significantly and thus most likely the ratio of clus-

ter to point defects. The best compilation of the classical

NIEL for electrons is given by Jun et al.58 They have used

the Lijian parameterization for the Mott scattering, taking

also the screening effect of the atomic shell into account

(Fig. 12(a)).

As an alternative to the analytical approach one may

also use binary code simulations. SRIM/TRIM is the most

FIG. 11. (a) Differential Mott cross section for different electron energies

according to Eq. (7). (b) Relative displacement damage as function of recoil

energy E.
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widely used program which can—in addition to various

other applications—easily be used for computing the number

of vacancies (and hence Frenkel pairs) for any recoil

energy.59 Trim is very simple to use, gives direct results and

statistics can be achieved easily by starting the program with

different “random numbers.” However, the silicon is

regarded to be amorphous and as also in other binary code

simulations taken at zero absolute temperature. Crystal

TRIM (or TCAS) is another binary code which delivers—

specialized to silicon—very useful results.60 We used a

slightly modified version provided by Posselt.61 Contrary to

TRIM, TCAS uses the crystalline structure of silicon.

Channeling effects are avoided by using appropriate incident

angles, 3-dimensional representation of the vacancy and in-

terstitial distribution is available and in a second step intra-

cascade V-I recombination is included. The results are useful

for further random walk simulations. As an example, the ini-

tial collision cascade for a 20 keV PKA is shown in Fig.

13(a), and the result after intra-cascade recombination of

close Frenkel pairs is shown in Fig. 13(b). Only about 20%

of the initially generated vacancies and interstitials are sur-

viving. It is worth noting that in the example of Fig. 13, there

is a dense agglomeration of interstitials and vacancies in the

area Dx � Dy � Dz	 20 nm3, hence likely giving rise to the

defect clusters observed in HRTEM experiments (see Figs. 9

and 10). In other branches of the cascade, one observes more

isolated displacements.

An analytical expression for calculating the number of

Frenkel pairs was proposed by Kinchin and Pease,62 and

later on modified by Norgett et al.,63 where the originally

used PKA-energy (as in Ref. 62) is replaced by the energy

responsible for displacements as given by the partition func-

tion from Eq. (10). TRIM, respectively, TCAS results are, af-

ter proper normalization, almost identical and lead to very

similar results as from Eq. (10). For comparison with experi-

mental results, the damage function of Jun et al.58 is used.

2. Effective NIEL

Contrary to the binary code approach used for the classi-

cal NIEL results from MD models had been applied for a dif-

ferent calculation of NIEL. A very nice discussion of this

FIG. 12. (a) Classical NIEL as function of electron energy. (b) Effective

NIEL as function of electron energy.

FIG. 13. Example of a collision cascade generated by a 20 keV PKA as simulated by TCAS. 2 cascade branches are visible. (a) Original cascade; (b) after V-I

recombination, all scales in Å.
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effective NIEL is given by Inguimbert et al.,52 where most

relevant literature is cited. In contrast to classical NIEL cal-

culations, collective atomic motion is taken into account, the

enormous energy dissipation leads to melting in localized

small areas with re-crystallization of these initially amor-

phous pockets at later stages. This transition from initially

formed amorphous pockets to recrystallization at later phases

is nicely documented in the MD calculations performed by

Caturla et al.64 It is shown, that for a PKA energy of 5 keV

and after relaxation during 8 ps there are still about 500 dis-

placement atoms left, much more than would be calculated

via binary code approximation (BCA). A comparison of

measured experimental results with respect to the conven-

tional and effective NIEL calculations was published by

Arnolda et al.65 It is shown that for electron irradiation the

difference between classical NIEL and effective NIEL is

much larger than for proton irradiation. This is expected

since Mott scattering of electrons leads to a majority of

recoils at low energies (see Fig. 11) for which MD calcula-

tions predict a much larger number of displaced atoms than

predicted by BCA. Therefore, the effective NIEL approach

should be very interesting in comparison with our electron

irradiation results. As shown in Fig. 12 in the electron energy

range between 1.5 and 30 MeV, the classical NIEL increases

only by a factor of �4, whereas the effective NIEL rises

much more rapidly by a factor of 20.

C. Comparison with experimental results

One of the most obvious radiation induced degradation

effects in silicon particle detectors is the increase of the

reverse current. The effect is described by the (current

related) damage rate a, which is defined according to

I

V
¼ a� U; (12)

in which I is the reverse current at full depletion, V is the

active volume of the diode, and U is the particle fluence (num-

ber of incident particles per cm2). In radiation damage studies

with high energy charged hadrons (protons or pions), respec-

tively, MeV neutrons, the damage rate a is proportional to the

classical NIEL.66 In the present study, a was measured for

electron energies between 1.5 and 27 MeV and the results are

shown in Fig. 14. Clearly, the damage rate is not proportional

to the classical NIEL but instead shows an almost linear de-

pendence on the effective NIEL (Fig. 14(b)). Hence for elec-

tron irradiation, the a-value seems to be correlated to cluster

defects. In fact, the various attempts to explain the current as

generated by point defects have been not very convincing. On

the other hand, in an early report by McEvoy et al.,67 it was

suggested that the high local density of defects in the terminal

clusters may lead to a direct charge exchange between closely

spaced defects. This so called inter-defect charge exchange
would, e.g., enhance the charge carrier generation rate by

more than one order of magnitude, assuming a local density

of �1019cm�3. More details of such calculations are given in

an earlier report by Gill et al.68

In Fig. 15, the introduction rates for VO and V2 are dis-

played with respect to NIEL, both certainly point defects and

hence, as expected very well described by a linear depend-

ence on the classical NIEL, the correlation with effective

NIEL is nonlinear (see inset).

The deep acceptor-like defects (H116 K, H140 K, and

H152 K) as well as the donor E(30 K) had been described in

Sec. III as extended, cluster related, defects. This is very

nicely in accordance with the results of Fig. 16. Here, it is

shown that the introduction rates, calculated after 8 min

FIG. 14. Current related damage rate a: (a) as function of electron energy

and (b) linear dependence on effective NIEL in contrast to classical NIEL

(inset).

FIG. 15. Introduction rates for VO (a) and V2 (b), correlation with classical

and effective NIEL (inset). Introduction rates from DLTS, samples as

irradiated.
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annealing at 80 �C, depend linearly on effective NIEL (Fig.

16(a)), in contrast to classical NIEL (Fig. 16(b)).

If we now consider the E(30 K) defect as being represen-

tative for the formation of extended (cluster) defects and VO

as an isolated point defect, the ratio of both introduction rates

as function of electron energy should be equivalent to the

increase of cluster to point defects. In the electron energy

range between 1.5 and 27 MeV, this ratio increases by

roughly a factor of 10 (Fig. 17).

It is interesting to study the dependence of the defect V3

with respect to NIEL. Though the double-vacancy V2 can be

generated directly (assumed displacement energy 42 eV) as

an isolated point defect, this is certainly not to be expected

for the tri-vacancy, formed via V2þV ! V3, most likely in

vacancy agglomerations, not necessarily dense clusters. In

fact, Fig. 18 shows that the introduction rate is proportional

to effective NIEL (as expected for cluster effects), while a

linear correlation with classical NIEL can be ruled out (see

inset). Most damage studies in silicon detectors for high

energy elementary particle experiments had been performed

using GeV-protons and MeV-neutrons.69 This has the

advantage of resembling the energy range of the relevant

hadrons responsible for damage induced degradation of the

detector performance. However, as related to their individual

interaction with the silicon atoms, both point and cluster

effects are responsible and the association of certain defects

with either of them remained rather speculative. This unsa-

tisfied situation had been improved appreciably by the pres-

ent study, by which several defects can either be identified as

isolated point or cluster related ones. At the same time, our

results show that the conventionally used classical NIEL

description should be used with great caution, probably not

only for electron irradiation.

V. CONCLUSIONS

The study of n-type silicon diodes irradiated with elec-

trons of energies ranging from 1.5 MeV to 27 MeV have

enabled us to scan the generation of point defects and small

clusters of defects. It is shown that after low irradiation flu-

ence mainly point defects are generated, the largest electri-

cally active defect detected being the tri-vacancy (V3). This

defect starts to be detected after irradiation with electrons of

3.5 MeV. Annealing experiments at 80 �C revealed that the

V3 defect and the leakage current show similar time con-

stants, indicating that the variation seen in the leakage cur-

rent is entirely related to the change in the concentration of

V3 in PHR configuration. From this correlation, the capture

cross section for holes of the (V3
(�/0)) was determined to be

rp¼ 2.15 � 10�13 cm2. Other small defect clusters (labeled

as E(30 K), H(116 K), H(140 K), and H(152 K)) are detected
FIG. 17. Normalized ratio of introduction rates for E(30 K) (8 min/80 �C)

and VO(as irradiated) for DOFZ silicon as function of electron energy.

FIG. 16. Introduction rates of the E(30 K) and H(140 Kþ 152 K) in DOFZ

silicon, TSC measurements after 8 min at 80 �C annealing. (a) Dependence

on effective NIEL and (b) dependence on classical NIEL.

FIG. 18. Dependence of introduction rate for V3 on effective NIEL and clas-

sical NIEL (inset); DLTS measurements, samples as irradiated.
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after high irradiation fluence values already for an electron

energy of 1.5 MeV. The change of the space charge density

with irradiation and with the annealing time after irradiation

is fully described by accounting for the radiation induced

trapping centers. The H(116 K), H(140 K), and H(152 K)

defects are bistable, the change between the defect configu-

rations being reversible at ambient temperatures. Only for

one configuration, we detect energy levels in the bandgap of

silicon. It is shown that the introduction rates of single va-

cancy (via the VO complex), di-vacancy, tri-vacancy,

E(30 K), H(116 K), H(140 K), and H(152 K) defects increase

with electron energy and saturate around 15 MeV. The gen-

eration of point defects as VO and V2 it is well described

with the classical NIEL approach accounting for two body

elastic collisions between the PKA’s and other secondary

recoils in the collision cascade with the lattice atoms (binary

calculations), while a linear dependence of introduction rates

of the E(30 K) and H(140 Kþ 152 K) is obtained when mo-

lecular dynamics simulations with many body interactions

are considered (effective NIEL). HRTEM investigations per-

formed on samples irradiated with high energy electrons

revealed the presence of clusters of point defects most of

them agglomerated either along the principal crystallo-

graphic directions, or randomly, giving rise to dark patches

with dimensions in the 3–6 nm range. The annealing at 80 �C
produces an apparent migration of the defect clusters in the

sense of de-grouping and re-grouping and/or recombination.

The clusters of point defects generated by irradiation with

electrons of 15 MeV and 27 MeV in oxygen-lean and

oxygen-rich materials, respectively, show similar contrast

and distribution along the principal crystallographic direc-

tions, indicating that the clusters of defects observed by

HRTEM are not related to the presence of oxygen in the

samples.
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