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Radia/on	  exposure	  
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LHC	  expected	  fluence:	  
L=1034	  cm-‐2	  s-‐1,	  500	  Y-‐1	  	  
➔	  10	  years	  Φ	  (r=4	  cm)	  	  
～3	  x	  1015	  cm-‐2	  

high	  luminosity	  LHC	  	  
expected	  fluence:	  
L=1035	  cm-‐2	  s-‐1,	  2500	  Y-‐1	  

➔	  5	  years	  Φ	  (r=4	  cm)	  	  
～1.6	  x	  1016	  cm-‐2	  
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No	  currently	  used	  material	  withstands	  this	  
radia/on	  exposure	  
➔ 	  Increase	  of	  signal	  loss	  
➔ 	  Par/cle	  type	  and	  fluence	  depend	  on	  
➔ 	  radius	  
Aim:	  find	  best	  material	  for	  high	  luminosity	  LHC	  applica/ons	  
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Crea/on	  of	  bulk	  defects	  

4	  

3.2. Defect formation

Fig. 7 shows a qualitative example of a final
constellation of di- and tri-vacancies. The total

numbers of the defects indicated in the plot should
not be compared with any NIEL scaling because
the statistical fluctuations are overwhelmingly
large. Also the depth of the projections should be
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Fig. 4. Spatial distribution of vacancies created by a 50 keV Si-ion in silicon. The inset shows the transverse projection of the same
event.
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Fig. 5. Initial distribution of vacancies produced by 10 MeV protons (left), 24 GeV=c protons (middle) and 1 MeV neutrons (right).
The plots are projections over 1 mm of depth ðzÞ and correspond to a fluence of 1014 cm#2:
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Simula/on:	  Distribu/on	  of	  vacancies	  a_er	  Φeq=1014	  cm-‐2	  

Depends	  on	  par/cle	  charge,	  mass,	  energy	  	  
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Pions	  (and	  protons)	  ➔	  Point	  defects	  and	  cluster	  
Neutrons	  ➔	  Large	  damaged	  regions	  

Good,	  bad	  or	  ugly...	  Influence	  of	  defects	  on	  detector	  
performance?	  

The	  hl	  LHC	  case	  
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Impact	  of	  defects	  on	  detector	  proper/es	  

5	  

+
Donor

Acceptor

(a) (b) (c)

energy
 levels

band gap

conduction band

valence band

EC

EV

trapping generation &
recombination 

electrons

holes

donor & acceptor 
generation

Determined	  by	  Shockley-‐Read-‐Hall	  sta/s/cs	  

Charged	  defects	  (at	  RT)	  	  
➔	  Neff	  ,	  Vdep	  

(Acceptors	  in	  the	  lower	  half	  
and	  donors	  in	  the	  upper	  half	  
of	  the	  band	  gap)	  

Deep	  defects	  
➔	  CCE	  
(Shallow	  defects	  do	  
not	  contribute	  due	  
to	  detrapping)	  

Levels	  close	  to	  midgap	  
➔	  Idep	  (NOISE)	  
(Defect	  levels	  close	  to	  midgap	  
most	  effec/ve)	  
➔	  Cooling	  during	  opera/on	  helps!	  

shallow	  

shallow	  

deep	  
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Defect	  engineering	  
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V+Oi→	  VOi	  
or	  
V+Ps→	  VP	  

Oi	  

Ps	  

No	  influence!	  

Donor	  remouval	  
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• 	  Frenckel	  pairs	  are	  created	  due	  to	  irradia/on	  
• 	  Defect	  complexes	  form	  due	  to	  migra/on	  
➔ 	  Migra/on	  depends	  on	  thermal	  energy	  
➔ 	  Kine/cs	  like	  in	  chemical	  reac/ons	  

Benefit	  of	  oxygen	  rich	  silicon:	  VOi	  genera/on	  high	  –	  VP	  (donor	  removal)	  suppressed	  	  



Know	  thy	  enemy	  
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Capacitance-‐Voltage-‐	  (CV)	  
Current-‐Voltage-‐characteris/cs	  (IV)	  
Transient-‐Current-‐Technique	  (TCT)	  

Detector	  proper/es	  
Deep	  Level	  Transient	  Spectroscopy	  (DLTS)	  
Thermally	  S/mulated	  Current	  (TSC)	  

Defect	  proper/es	  

Find	  correla/on	  between	  them	  
during	  annealing	  studies	  

Iden/fica/on	  of	  defects	  with	  impact	  on	  detector	  performance	  

Deple/on	  voltage	  
Leakage	  current	  

Trapping	  

Defect	  concentra/on	  
Ionisa/on	  energy	  
Capture	  cross	  sec/on	  
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1.  Filling	  of	  traps	  with	  charge	  carriers	  
2.  Recording	  of	  charge	  emission	  from	  

filled	  traps	  
•  DLTS:	  capacitance	  transients	  
•  TSC:	  current	  from	  emission	  

3.  Defect	  concentra/on	  from	  peaks	  

DLTS:	  Filling	  and	  emission	  during	  
Temperature-‐scan	  
TSC:	  Filling	  at	  low	  T,	  emission	  during	  
constant	  hea/ng	  	  rate	  
T-‐scan	  =	  Energy	  scan	  of	  the	  band	  gap	  

Measurement	  techniques	  

€ 
€ 

• 	  Signal	  as	  func/on	  of	  temperature	  (DLTS)	  
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Deple/on	  voltage	  
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Deple/on	  voltage	  
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€ 
€ 

With	  par/cle	  fluence	  (FZ	  Si,	  neutrons):	  

Hamburg	  University	  

€ 

Vdep =
q0
εε0

⋅ Neff ⋅ d
2

• 	  Acceptors	  compensate	  original	  doping	  
• 	  Type	  inversion	  from	  n-‐	  to	  p-‐type	  
• 	  Increase	  of	  deple/on	  voltage	  a_er	  SCSI	  
➔ 	  Signal	  loss	  
• 	  Annealing	  studies	  show	  impact	  of	  high	  T	  	  
• 	  during	  maintenance	  /mes	  R.	  Wunstorf,	  PhD	  thesis	  1992,	  Uni	  Hamburg	  
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Defects	  with	  impact	  on	  Neff	  
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€ 
€ 

Neff	  for	  n	  and	  p	  irradia/on	  (CV)	  for	  Epi-‐Do	   Corresponding	  defects	  (TSC)	  

• 	  Deep	  acceptors	  (H-‐defects)	  generate	  nega/ve	  space	  charge	  
• 	  Shallow	  donor	  E(30K)	  genera/on	  high	  for	  proton	  irradia/on	  
• 	  E(30K)	  compensates	  deep	  acceptors	  ➔	  no	  type	  inversion	  for	  protons	  

25 50 75 100 125 150 175

0

20

40

60

80

100

-SC

+SC

T
S

C
-s

ig
n
a
l (

p
A

)
Temperature (K)

Comparison of TSC spectra

normalised to Φ
eq

=2.4x10
14

 cm
-2

 neutron irradiated
 proton irradiated

E
(3

0
K

)

VO

H
(1

1
6
K

)

H
(1

4
0
K

) H
(1

5
1
K

)

V
2
+cluster

+SC

Annealing: 30 000 min at 80 °C, Vbias=100V

Hamburg	  University	  

I.	  Pin/lie	  et	  al.	  NIM	  A	  611	  (2009)	  52	  

• 	  Introduc/on	   • 	  Deple/on	  voltage	   • 	  Leakage	  current	  

A.	  Junkes	  	  	  	  	  	  20th	  Vertex	  conference,	  Rust,	  Austria	  

• 	  Trapping	   • 	  Summary	  

23.06.2011	  

A
.Ju

nk
es

, P
hD

 th
es

is
, U

ni
 H

am
bu

rg
 2

01
1 



Defect	  balance	  
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in Ref. 30 that the L center could be related to the V3O
defect.

It should be noted that our results on the annealing behav-
ior of the traps assigned by us to the V3 and V3O defects are
fully consistent with the results on the annealing behavior of
V3 obtained in ESR studies29 and on the formation of the
V3O center obtained in a recent infrared-absorption study.31

It is also worth mentioning that according to our preliminary
DLTS results on the electron-irradiated n+-p diodes and ab
initio modeling, both the V3 and V3O centers also give rise to
two donor levels in the lower part of the gap.

IV. AB INITIO MODELING RESULTS

While multivacancy centers may be regarded as the re-
moval of adjoining Si atoms !see Fig. 6"a#$, a rather different
approach was proposed in the calculations of Makhov and
Lewis3 who showed that three self-interstitials could deco-
rate all 12 dangling bonds in V6 resulting in a low-energy
fourfold coordinated V3 complex !see Fig. 6"b#$. We have
also investigated several structures for V3 and particular at-
tention was paid to the most stable forms, namely, the PHR
V3 made up of three neighboring vacant sites with C2v sym-

metry, V3"C2v# shown in Fig. 6"a#, and the fourfold coordi-
nated form with D3 symmetry, V3"D3# shown in Fig. 6"b#. In
line with Ref. 3, we found that neutral diamagnetic V3"D3# is
0.50 eV more stable than diamagnetic V3"C2v# and also 0.23
eV more stable than paramagnetic spin-1 V3"C2v#. After add-
ing and removing electrons to the system, V3"D3# turns to be
metastable by 1.19, 0.43, 0.05, and 0.50 eV for double plus,
plus, minus, and double minus charge states, respectively,
where V3"C2v# stands now as the ground state. We have in-
vestigated the electronic structure of these complexes by in-
spection of the one-electron levels shown in Fig. 6"e#. It is
found that the long and twisted bonds in V3"D3# give rise to
states close to the band edges as in amorphous silicon,
whereas silicon radicals in V3"C2v# lead to much deeper
states around midgap. Let us first look in detail at the latter
and more ordinary form of the defect shown in Fig. 6"a#.
V3"C2v# comprises two remote silicon dangling-bond radicals
lying on the "110# symmetry plane of Fig. 6"a#, plus three
long reconstructed Si-Si bonds perpendicular to the same
plane. While the end radicals give rise to b1 and a1 gap states
!Fig. 6"e#$, the reconstructions produce three bonding states
below the valence-band top and corresponding antibonding
states "b2, a2, and b2# in the forbidden gap. As we show in
Fig. 6"e#, the lower b2 level is responsible for the acceptor
activity of the defect. We note that all three Si-Si reconstruc-
tions are very similar and their proximity leads to a strong
electronic coupling between the isosymmetric b2 levels. Con-
sequently, these move away from the a2 state. The electronic
structure of V3"D3# arises from twelve 2.6–2.7 Å long and
twisted Si-Si bonds which hybridize into bonding and anti-
bonding a1 and e gap levels !Fig. 6"e#$. The upper a1 state
has essentially an antibonding character between interstitial
silicon atoms !represented as dark blue balls in Fig. 6"b#$ and
their neighbors at the core of the defect. It has therefore the
right attributes to be responsible for a shallow acceptor trap
such as the E75.

Adding one electron to V3"C2v# gives A"− /0#=−3.48 eV
for its first electron affinity. A similar calculation for V2O
results in A"− /0#=−3.45 eV, i.e., 0.03 eV above the value of
V3. Accordingly, considering that the first acceptor level of
V2O lies at Ec−0.47 eV,9,10 we place the first acceptor level
of V3"C2v# at Ec−0.50 eV. Proceeding to the second electron
affinity, we find that A"= /−#=−2.16 eV for V3"C2v#, which
lies 0.05 eV below the same quantity for V2O. This places
the second acceptor level of V3"C2v# at Ec−0.28 eV. Similar
calculations for V3"D3# result in first and second emission
enthalpies of 0.23 and −0.10 eV. These results indicate that
while V3"C2v# possess first and second acceptor levels close
to E5 and E4, respectively, V3"D3# is only able to trap a
single weakly bound electron, i.e., in agreement with the E75
trap measurements.

It has been previously reported that the marker method
works best when the acceptor "or donor# states from both the
scrutinized defect being studied and the marker have a simi-
lar character, i.e., symmetry and space extent.19 The acceptor
level of the structure shown in Fig. 6"b# arises from an anti-
bonding state on long Si-Si bonds, making the VO complex
with its long Si-Si reconstruction a better marker for this
defect. The Si-Si antibonding state in VO produces an accep-
tor level at Ec−0.17 eV,10,21 and comparing electron affini-

FIG. 6. "Color online# Atomic structures of "a# V3"C2v#, "b#
V3"D3#, "c# V3O"C2v#, and "d# V3O"C1h#. V3"D3# is represented
along the %111& direction, whereas other structures are viewed ap-
proximately along %110&. Silicon, oxygen, and vacancy sites are
represented as gray, red "two-fold coordinated#, and white balls,
respectively. Three Si interstitial atoms in "b# are represented as
dark blue balls. In "e#, we depict the one-electron picture for all four
defects of interest obtained from the Kohn-Sham states within the
valence-band "VB# and conduction-band "CB# edges "band gap of
the cluster is Eg=2.4 eV#. Spin-up and spin-down occupied states
are represented as left- and right-hand circles, respectively.
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in Ref. 30 that the L center could be related to the V3O
defect.

It should be noted that our results on the annealing behav-
ior of the traps assigned by us to the V3 and V3O defects are
fully consistent with the results on the annealing behavior of
V3 obtained in ESR studies29 and on the formation of the
V3O center obtained in a recent infrared-absorption study.31

It is also worth mentioning that according to our preliminary
DLTS results on the electron-irradiated n+-p diodes and ab
initio modeling, both the V3 and V3O centers also give rise to
two donor levels in the lower part of the gap.

IV. AB INITIO MODELING RESULTS

While multivacancy centers may be regarded as the re-
moval of adjoining Si atoms !see Fig. 6"a#$, a rather different
approach was proposed in the calculations of Makhov and
Lewis3 who showed that three self-interstitials could deco-
rate all 12 dangling bonds in V6 resulting in a low-energy
fourfold coordinated V3 complex !see Fig. 6"b#$. We have
also investigated several structures for V3 and particular at-
tention was paid to the most stable forms, namely, the PHR
V3 made up of three neighboring vacant sites with C2v sym-

metry, V3"C2v# shown in Fig. 6"a#, and the fourfold coordi-
nated form with D3 symmetry, V3"D3# shown in Fig. 6"b#. In
line with Ref. 3, we found that neutral diamagnetic V3"D3# is
0.50 eV more stable than diamagnetic V3"C2v# and also 0.23
eV more stable than paramagnetic spin-1 V3"C2v#. After add-
ing and removing electrons to the system, V3"D3# turns to be
metastable by 1.19, 0.43, 0.05, and 0.50 eV for double plus,
plus, minus, and double minus charge states, respectively,
where V3"C2v# stands now as the ground state. We have in-
vestigated the electronic structure of these complexes by in-
spection of the one-electron levels shown in Fig. 6"e#. It is
found that the long and twisted bonds in V3"D3# give rise to
states close to the band edges as in amorphous silicon,
whereas silicon radicals in V3"C2v# lead to much deeper
states around midgap. Let us first look in detail at the latter
and more ordinary form of the defect shown in Fig. 6"a#.
V3"C2v# comprises two remote silicon dangling-bond radicals
lying on the "110# symmetry plane of Fig. 6"a#, plus three
long reconstructed Si-Si bonds perpendicular to the same
plane. While the end radicals give rise to b1 and a1 gap states
!Fig. 6"e#$, the reconstructions produce three bonding states
below the valence-band top and corresponding antibonding
states "b2, a2, and b2# in the forbidden gap. As we show in
Fig. 6"e#, the lower b2 level is responsible for the acceptor
activity of the defect. We note that all three Si-Si reconstruc-
tions are very similar and their proximity leads to a strong
electronic coupling between the isosymmetric b2 levels. Con-
sequently, these move away from the a2 state. The electronic
structure of V3"D3# arises from twelve 2.6–2.7 Å long and
twisted Si-Si bonds which hybridize into bonding and anti-
bonding a1 and e gap levels !Fig. 6"e#$. The upper a1 state
has essentially an antibonding character between interstitial
silicon atoms !represented as dark blue balls in Fig. 6"b#$ and
their neighbors at the core of the defect. It has therefore the
right attributes to be responsible for a shallow acceptor trap
such as the E75.

Adding one electron to V3"C2v# gives A"− /0#=−3.48 eV
for its first electron affinity. A similar calculation for V2O
results in A"− /0#=−3.45 eV, i.e., 0.03 eV above the value of
V3. Accordingly, considering that the first acceptor level of
V2O lies at Ec−0.47 eV,9,10 we place the first acceptor level
of V3"C2v# at Ec−0.50 eV. Proceeding to the second electron
affinity, we find that A"= /−#=−2.16 eV for V3"C2v#, which
lies 0.05 eV below the same quantity for V2O. This places
the second acceptor level of V3"C2v# at Ec−0.28 eV. Similar
calculations for V3"D3# result in first and second emission
enthalpies of 0.23 and −0.10 eV. These results indicate that
while V3"C2v# possess first and second acceptor levels close
to E5 and E4, respectively, V3"D3# is only able to trap a
single weakly bound electron, i.e., in agreement with the E75
trap measurements.

It has been previously reported that the marker method
works best when the acceptor "or donor# states from both the
scrutinized defect being studied and the marker have a simi-
lar character, i.e., symmetry and space extent.19 The acceptor
level of the structure shown in Fig. 6"b# arises from an anti-
bonding state on long Si-Si bonds, making the VO complex
with its long Si-Si reconstruction a better marker for this
defect. The Si-Si antibonding state in VO produces an accep-
tor level at Ec−0.17 eV,10,21 and comparing electron affini-

FIG. 6. "Color online# Atomic structures of "a# V3"C2v#, "b#
V3"D3#, "c# V3O"C2v#, and "d# V3O"C1h#. V3"D3# is represented
along the %111& direction, whereas other structures are viewed ap-
proximately along %110&. Silicon, oxygen, and vacancy sites are
represented as gray, red "two-fold coordinated#, and white balls,
respectively. Three Si interstitial atoms in "b# are represented as
dark blue balls. In "e#, we depict the one-electron picture for all four
defects of interest obtained from the Kohn-Sham states within the
valence-band "VB# and conduction-band "CB# edges "band gap of
the cluster is Eg=2.4 eV#. Spin-up and spin-down occupied states
are represented as left- and right-hand circles, respectively.
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E4	  &	  E5	  can	  be	  related	  to	  V3	  
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Markevich	  et	  al.	  Phys	  Rev	  B	  80	  (2009)	  235207	  

Direct	  correla/on	  found!	  
V3	  responsible	  for	  part	  of	  Idep	  

A.Junkes, PhD thesis, Uni Hamburg 2011 
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Monkey	  does	  not	  speak	  about	  par.cles	  
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Annealing	  behavior	  of	  E205a	  concentra/on	  similar	  to	  electron	  trapping	  annealing	  

Assuming	  cluster	  defects	  and	  trapping	  linear	  with	  fluence,	  independent	  of	  
material	  and	  neglec/ng	  many	  open	  ques/ons...	  

Trapping	  probability	  vs	  E205a	  concentra/on	   Linear	  behaviour	  –	  only	  by	  chance	  ?	  
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de-‐trapping	  

traps	  

New	  method	  by	  G.	  Kramberger	  
using	  de-‐trapping:	  

• 	  Deple/on	  voltage	   • 	  Leakage	  current	  

A.	  Junkes	  	  	  	  	  	  20th	  Vertex	  conference,	  Rust,	  Austria	  

• 	  Trapping	   • 	  Summary	  
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Trapping	  observed	  by	  TCT	  
predominantly	  at	  low	  voltages	  

G.	  Kramberger	  et	  al.,	  18th	  RD50	  	  Workshop	  Liverpool,	  May	  2011	  
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• 	  De-‐trapping	  observed	  for	  integra/on	  /mes	  up	  to	  several	  microseconds	  
• 	  For	  the	  extrac/on	  of	  de-‐trapping	  /me	  constants	  the	  transfer-‐func/on	  of	  the	  electronics	  has	  	  
• 	  to	  be	  taken	  into	  account	  
• 	  Two	  components	  have	  been	  found	  in	  the	  de-‐trapping	  of	  holes	  

Method (IV)  diode irradiated to 1014 cm-2 

The shape of the Q(t) changes with voltage: 
It increases with time for lower voltages 
It has the shape similar as non-irradiated sample for very high voltages 

The reason for the increase is the de-trapping of the charge trapped 
during the drift (note that at low voltages a lot of charge is trapped) 

T=25oC 
-410 V 

Charge trapped by many traps 

5/24/2011 G. Kramberger, 18th RD50 Workshop, Liverpool, May, 2011 !"

 

Method (III)  diode irradiated to 1014 cm-2 

trapped 
holes 

trapped 
electrons 

Current integral in 60 ns 

Current 
integral in 
60 ns 

HOLES  
40 V 

ELECTRONS 
40 V 

5/24/2011 G. Kramberger, 18th RD50 Workshop, Liverpool, May, 2011 !"

De-‐trapping	  

G.	  Kramberger	  et	  al.,	  18th	  RD50	  	  Workshop	  Liverpool,	  May	  2011	  
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Determination of the traps 

Short component can only be established reliably up to 0oC: 
20% of the de-trapping amplitude (trapped charge) 
longer time constants and smaller amount of trapped charge make determination very unreliable 

The introduction rate for the defect responsible for short component should be around 0.1 cm-1 (to explain 
trapping times/amount of trapped charge) 
Contrary introduction rates should be very high ~100 cm-1 for the defect responsible for long component? 
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Et-Ev=0.42+/-0.06 eV 
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80% of the amplitude 
Et-Ev=0.31+/-0.01 eV 

p=1e-16+/-2e-17 cm2 

fit to the data  free parameter p and Et 
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G.	  Kramberger	  et	  al.,	  18th	  RD50	  	  Workshop	  Liverpool,	  May	  2011	  
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Slow	  component:	  
Level	  at	  0.31	  eV	  
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• 	  Defects	  responsible	  for	  change	  of	  Neff	  iden/fied	  
• 	  Reverse	  annealing	  can	  be	  explained	  

• 	  Defects	  responsible	  for	  increase	  of	  LC	  iden/fied	  
• 	  Tri-‐vacancy	  responsible	  for	  main	  part	  of	  Idep	  

• 	  First	  results	  hint	  to	  the	  origin	  of	  trapping	  
• 	  Focus	  on	  H(150K)	  and	  E205a	  

Hamburg	  University	  
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Method (IV)  diode irradiated to 1014 cm-2 

The shape of the Q(t) changes with voltage: 
It increases with time for lower voltages 
It has the shape similar as non-irradiated sample for very high voltages 

The reason for the increase is the de-trapping of the charge trapped 
during the drift (note that at low voltages a lot of charge is trapped) 

T=25oC 
-410 V 

Charge trapped by many traps 

5/24/2011 G. Kramberger, 18th RD50 Workshop, Liverpool, May, 2011 !"

 

G.	  Kramberger	  et	  al.,	  18th	  RD50	  	  Workshop	  Liverpool,	  May	  2011	  

Measurement	  performed	  with	  charge	  sensi/ve	  amplifier	  
Electronics	  need	  to	  be	  taken	  into	  account	  	  


