
Bulk	
  defects	
  
(microscopic	
  defects,	
  measurement	
  methods)	
  

“Physics	
  at	
  the	
  Terascale”	
  
Alexandra	
  Junkes	
  

Hamburg	
  University	
  

4th	
  Workshop	
  of	
  the	
  Helmholtz	
  Alliance	
  
15.03.2011	
  	
  DESY	
  Hamburg	
  



Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   2	
  A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
  

How	
  do	
  I	
  cope	
  with	
  having	
  	
  
10	
  quadrillion	
  parTcles	
  thrown	
  at	
  me?*	
  

*1016	
  fluence/cm2	
  at	
  4	
  cm	
  high	
  luminosity	
  LHC	
  

Movie:	
  Life	
  of	
  Brian	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

Bulk	
  Damage	
  



Outline	
  

• 	
  MoTvaTon	
  
• 	
  See	
  lecture	
  by	
  M.Moll	
  

• RadiaTon	
  damage	
  
• 	
  Microscopic	
  defects	
  (changes	
  in	
  bulk	
  material)	
  
• 	
  Macroscopic	
  effects	
  (changes	
  in	
  detector	
  properTes)	
  

• 	
  Microscopic	
  measurement	
  techniques	
  
• 	
  TSC	
  
• 	
  DLTS	
  

• 	
  IrradiaTon	
  induced	
  defects	
  	
  
• 	
  With	
  impact	
  on	
  the	
  effecTve	
  doping	
  concentraTon	
  
• 	
  With	
  impact	
  on	
  the	
  leakage	
  current	
  

• 	
  Summary	
  &	
  outlook	
  

3	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
   Bulk	
  Damage	
  



RadiaTon	
  exposure	
  

4	
  

LHC	
  expected	
  fluence:	
  
L=1034	
  cm-­‐2	
  s-­‐1	
  500	
  d-­‐1	
  	
  
➔	
  10	
  years	
  Φ	
  (r=4	
  cm)	
  	
  
～3	
  x	
  1015	
  cm-­‐2	
  

High	
  luminosity	
  LHC	
  	
  
expected	
  fluence:	
  
L=1035	
  cm-­‐2	
  s-­‐1	
  2500	
  d-­‐1	
  

➔	
  5	
  years	
  Φ	
  (r=4	
  cm)	
  	
  
～1.6	
  x	
  1016	
  cm-­‐2	
  

total !uence eq

 Pixel (?)  Microstrip (?)
 Macropixel (?)

SUPER-LHC (5 years, 2500 fb-1)

(M.Moll, simplified, scaled from ATLAS TDR)

ATLAS SCT- barrel
(microstrip detectors)

ATLAS Pixel

r [cm]

eq
 [c

m
-2
]

0 10 20 30 40 50 60
1013

1014

1015

1016

5

5

5

neutrons eq

pions eq

other charged
hadrons eq

No	
  currently	
  used	
  material	
  withstands	
  this	
  
environment	
  
➔ 	
  Increase	
  of	
  signal	
  loss	
  
➔ 	
  Distance	
  to	
  interacTon	
  point	
  important	
  
for	
  parTcle	
  type	
  and	
  fluence	
  
Aim:	
  find	
  best	
  material	
  and	
  geometry	
  for	
  high	
  luminosity	
  LHC	
  applicaTons	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
   Bulk	
  Damage	
  



Outline	
  

• 	
  MoTvaTon	
  
• 	
  See	
  lecture	
  by	
  M.Moll	
  

• RadiaTon	
  damage	
  
• 	
  Microscopic	
  defects	
  (changes	
  in	
  bulk	
  material)	
  
• 	
  Macroscopic	
  effects	
  (changes	
  in	
  detector	
  properTes)	
  

• 	
  Microscopic	
  measurement	
  techniques	
  
• 	
  TSC	
  
• 	
  DLTS	
  

• 	
  IrradiaTon	
  induced	
  defects	
  	
  
• 	
  With	
  impact	
  on	
  the	
  effecTve	
  doping	
  concentraTon	
  
• 	
  With	
  impact	
  on	
  the	
  leakage	
  current	
  

• 	
  Summary	
  &	
  outlook	
  

5	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
   Bulk	
  Damage	
  



Silicon	
  

6	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

Diamond	
  structure	
  

ApplicaTons:	
  
• 	
  Transistors	
  (computer	
  chips)	
  
• 	
  Photovoltaic	
  
• 	
  LCD’	
  s	
  
• 	
  Alloys	
  
• 	
  Medical	
  imaging	
  	
  
• 	
  X-­‐ray	
  diffracTon	
  
• 	
  ParTcle	
  detectors…	
  

Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
   Bulk	
  Damage	
  



Non	
  Ionising	
  Energy	
  Loss	
  →	
  bulk	
  damage	
  

7	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

Target nucleus

Particle

Coulomb	
  scalering	
  

ElasTc	
  nuclear	
  scalering	
  

60Co-­‐γ	
   Electrons	
   Protons	
   Neutrons	
  

compton	
  
electrons	
  

coulomb	
  
scalering	
  	
  

coulomb	
  &	
  
elasTc	
  nuclear	
  
scalering	
  

elasTc	
  
nuclear	
  
scalering	
  

Target nucleus

Neutron

PKA	
   Primary	
  Knock	
  on	
  Atom	
  (PKA)	
  

Surface	
  damage	
  (Ionising	
  Energy	
  Loss)	
  -­‐	
  oxide	
  and	
  
oxide-­‐si-­‐interface	
  damage	
  (→lecture	
  by	
  E.	
  Fretwurst)	
  

Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
   Bulk	
  Damage	
  



Non	
  Ionising	
  Energy	
  Loss	
  →	
  bulk	
  damage	
  

8	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

Target nucleus

Particle

Coulomb	
  scalering	
  

ElasTc	
  nuclear	
  scalering	
  

Vacancy	
  	
  
missing	
  Si	
  atom	
  

IntersTTal	
  
addi2onal	
  Si	
  atom	
  

60Co-­‐γ	
   Electrons	
   Protons	
   Neutrons	
  

compton	
  
electrons	
  

coulomb	
  
scalering	
  	
  

coulomb	
  &	
  
elasTc	
  nuclear	
  
scalering	
  

elasTc	
  
nuclear	
  
scalering	
  

EPKA>25	
  eV	
  

Target nucleus

Neutron

PKA	
  

Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
   Bulk	
  Damage	
  



Bulk	
  damage	
  

9	
  

Radia@on	
  induced	
   Material	
  impuri@es	
  

Some	
  defects	
  are	
  mobile	
  at	
  room	
  temperature…	
  	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

V	
  

I	
  

Vacancies	
  and	
  Inters@@als	
   Oxygen,	
  Carbon,	
  Phosphorus,	
  Boron…	
  

Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
   Bulk	
  Damage	
  



FormaTon	
  of	
  defect	
  complexes	
  

10	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

V+Oi→	
  VOi	
  

V+P→	
  VP	
  

Single	
  vacancies	
  +	
  impuriTes	
  form	
  point-­‐like	
  defects	
  
Hamburg	
  University	
  	
  	
  	
  15.03.2011	
   A.	
  Junkes	
  	
  	
  	
   	
  	
  “Physics	
  at	
  the	
  	
  Terascale”	
   Bulk	
  Damage	
  



CreaTon	
  of	
  defect	
  cluster	
  (EPKA>5	
  keV)	
  

11	
  

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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   Limits/	
  drawback	
  

Deep	
  Level	
  Transient	
  
Spectroscopy	
  (DLTS)	
  

Charge	
  capture-­‐emission/	
  
capacitance	
  transients	
  

Defects	
  properTes	
  
and	
  concentraTon	
  

-­‐	
  Low	
  density	
  of	
  defects	
  
-­‐	
  Chemical	
  nature	
  (indirect)	
  

Thermally	
  STmulated	
  
Current	
  	
  (TSC)	
  

Charge	
  capture-­‐emission/	
  
current	
  

Defects	
  properTes	
  
and	
  concentraTon	
  

-­‐	
  Medium	
  density	
  of	
  defects	
  
-­‐	
  Chemical	
  nature	
  (indirect)	
  

Photoluminescence	
  (PL)	
   Photon	
  absorpTon-­‐emission	
  /	
  
luminescence	
  

PL	
  bands,	
  defects	
  
ionisaTon	
  energy	
  

-­‐	
  Only	
  for	
  photo-­‐acTve	
  centers	
  	
  
-­‐	
  Chemical	
  nature	
  (only	
  indirect)	
  

Infrared	
  AbsorpTon	
  (IR)	
   ExcitaTon	
  of	
  vibraTonal	
  modes	
  
of	
  molecules	
  by	
  IR	
  absorpTon	
  /	
  
AbsorpTon	
  of	
  IR	
  energy	
  

Defects	
  chemical	
  
structure	
  and	
  
concentraTon	
  

-­‐ 	
  Large	
  density	
  of	
  defects	
  
-­‐ 	
  Electrical	
  properTes	
  

ParamagneTc	
  
Resonance	
  (EPR)	
  

Zeeman	
  effect	
  and	
  Spin	
  
resonance	
  /	
  microwave-­‐	
  photon	
  
absorpTon	
  

Defects	
  chemical	
  
structure	
  and	
  
concentraTon	
  

-­‐	
  Large	
  density	
  of	
  defects	
  	
  
-­‐ 	
  Only	
  paramagneTc	
  centers	
  
-­‐ 	
  Electrical	
  properTes	
  

X-­‐ray	
  diffracTon	
   Coherent	
  interference/	
  Scalered	
  
intensity	
  of	
  X-­‐ray	
  beam	
  

Atomic	
  structure	
   -­‐ 	
  Only	
  thin	
  film/	
  nano	
  structures	
  
-­‐ 	
  Only	
  for	
  Low	
  defect	
  variety	
  

Scanning	
  probe	
  
microscopy	
  (STM)	
  

Quantum	
  tunneling/	
  tunneling	
  
current	
  

Atomic	
  structure	
   -­‐ 	
  Sample	
  preparaTon	
  
-­‐ 	
  Large	
  density	
  of	
  defects	
  

No	
  experimental	
  technique	
  provides	
  all	
  defects	
  characterisTcs	
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  properTes	
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  capture-­‐emission/	
  
current	
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  nature	
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Photoluminescence	
  (PL)	
   Photon	
  absorpTon-­‐emission	
  /	
  
luminescence	
  

PL	
  bands,	
  defects	
  
ionisaTon	
  energy	
  

-­‐	
  Only	
  for	
  photo-­‐acTve	
  centers	
  	
  
-­‐	
  Chemical	
  nature	
  (only	
  indirect)	
  

Infrared	
  AbsorpTon	
  (IR)	
   ExcitaTon	
  of	
  vibraTonal	
  modes	
  
of	
  molecules	
  by	
  IR	
  absorpTon	
  /	
  
AbsorpTon	
  of	
  IR	
  energy	
  

Defects	
  chemical	
  
structure	
  and	
  
concentraTon	
  

-­‐ 	
  Large	
  density	
  of	
  defects	
  
-­‐ 	
  Electrical	
  properTes	
  

ParamagneTc	
  
Resonance	
  (EPR)	
  

Zeeman	
  effect	
  and	
  Spin	
  
resonance	
  /	
  microwave-­‐	
  photon	
  
absorpTon	
  

Defects	
  chemical	
  
structure	
  and	
  
concentraTon	
  

-­‐	
  Large	
  density	
  of	
  defects	
  	
  
-­‐ 	
  Only	
  paramagneTc	
  centers	
  
-­‐ 	
  Electrical	
  properTes	
  

X-­‐ray	
  diffracTon	
   Coherent	
  interference/	
  Scalered	
  
intensity	
  of	
  X-­‐ray	
  beam	
  

Atomic	
  structure	
   -­‐ 	
  Only	
  thin	
  film/	
  nano	
  structures	
  
-­‐ 	
  Only	
  for	
  Low	
  defect	
  variety	
  

Scanning	
  probe	
  
microscopy	
  (STM)	
  

Quantum	
  tunneling/	
  tunneling	
  
current	
  

Atomic	
  structure	
   -­‐ 	
  Sample	
  preparaTon	
  
-­‐ 	
  Large	
  density	
  of	
  defects	
  

Electrical	
  methods	
  

Not	
  tried	
  ye
t	
  

No	
  experimental	
  technique	
  provides	
  all	
  defects	
  characterisTcs	
  

No	
  informa@on	
  about	
  

electrical	
  pro
per@es	
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cn,p ∝σn,p ⋅ n, pcapture	
   and	
  emission	
  

Capture	
  of	
  electrons	
  always	
  combined	
  
with	
  hole	
  emission	
  and	
  vice	
  versa	
  

Defect	
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  and	
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  to	
  detect	
  defects	
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p

n
+

Electrons in the conduction band

Holes in the valence band

nNA(-)

ND(+)

-/0
ET

p+

n+

EC

EV

Vbias

TSC	
  principle	
   Single	
  shot	
  technique:	
  
1.  Filling	
  of	
  traps	
  with	
  charge	
  carriers	
  at	
  low	
  T	
  (<30	
  K)	
  
→ Filling	
  (majority	
  carriers	
  with	
  zero	
  bias,	
  majority	
  and	
  
minority	
  carriers	
  by	
  forward	
  bias,	
  light)	
  

Thermally	
  STmulated	
  Current	
  technique	
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• 	
  Signal	
  as	
  funcTon	
  of	
  temperature	
  

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
  

Current	
  

2.  Recording	
  of	
  charge	
  emission	
  (en,p)	
  from	
  
filled	
  traps	
  during	
  constant	
  heaTng	
  

3.  Nt	
  from	
  integral	
  of	
  TSC-­‐current	
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Deep	
  Level	
  Transient	
  Spectroscopy	
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1.  Diode	
  under	
  reverse	
  bias	
  
2.  Filling	
  of	
  traps	
  with	
  charge	
  carriers	
  at	
  various	
  T	
  
3.  Emission	
  from	
  filled	
  traps	
  →	
  change	
  of	
  capacitance	
  	
  
• 	
  Capacitance	
  transients	
  recorded	
  as	
  funcTon	
  of	
  T	
  
• 	
  Transient	
  follows:	
  
• 	
  Analysis	
  from	
  transient	
  shape	
  
• 	
  ConcentraTon:	
  

DLTS	
  principle	
  (electron	
  traps)	
  

€ 

ΔC = ΔC0 exp(-ent)

€ 

Nt  ≈ 2ND  ΔC
C0
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   • 	
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  damage	
   • 	
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  voltage	
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Mul2	
  shot	
  technique	
  during	
  T-­‐scan:	
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  carriers	
  (DLTS)	
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DLTS	
  principle	
  (hole	
  traps)	
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1.  Diode	
  under	
  reverse	
  bias	
  
2.  Filling	
  of	
  traps	
  with	
  forward	
  bias	
  (high	
  current)	
  
3.  Emission	
  from	
  filled	
  traps	
  →	
  change	
  of	
  capacitance	
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How	
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  RadiaTon	
  damage	
   • 	
  DepleTon	
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  current	
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  Techniques	
  

• 	
  Defect	
  migraTon	
  at	
  
room	
  temperature	
  
• 	
  AcceleraTon	
  of	
  
process	
  by	
  heaTng	
  

Defect	
  migraTon	
   1.  Annealing	
  studies	
  at	
  low	
  temperatures	
  (T<	
  100	
  °C)	
  
	
  -­‐	
  Measurement	
  of	
  defect	
  concentraTon	
  and	
  diode	
  
properTes	
  
	
  -­‐	
  CorrelaTon	
  of	
  microscopic	
  and	
  macroscopic	
  results	
  

→	
  IdenTficaTon	
  of	
  defects	
  with	
  impact	
  on	
  sLHC	
  
condiTons	
  

→	
  Forcast	
  changes	
  of	
  detector	
  properTes	
  

2.  Annealing	
  at	
  temperatures	
  above	
  100	
  °C	
  
-­‐	
  Measurement	
  of	
  different	
  materials	
  
-­‐	
  CorrelaTon	
  of	
  defects	
  with	
  material	
  impuriTes	
  

→	
  IdenTficaTon	
  of	
  chemical	
  structure	
  of	
  defects	
  
→	
  ExtracTon	
  of	
  defect	
  properTes	
  	
  

Bulk	
  Damage	
  



Understand	
  correlaTon	
  between	
  microscopic	
  
and	
  macroscopic	
  effects	
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Summary – defects with strong impact on the device 
properties at operating temperature
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Outline	
  

• 	
  MoTvaTon	
  
• 	
  See	
  lecture	
  by	
  M.Moll	
  

• RadiaTon	
  damage	
  
• 	
  Microscopic	
  defects	
  (changes	
  in	
  bulk	
  material)	
  
• 	
  Macroscopic	
  effects	
  (changes	
  in	
  detector	
  properTes)	
  

• 	
  Microscopic	
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detectors at room temperature during the beam off periods could be rewarding
because the increase of the depletion voltage resulting from the donor generation
during the beam period would be partly compensated by annealing induced acceptor
generation. In order to prove this suggestion the following dedicated experiment

Figure 7.10: Results of succesive irradiation with 23 GeV protons with steps of Φeq =
2.2 · 1015cm−2 followed by annealing for 50 min at 80◦C. Symbols: experimental points,
solid lines: simulations.

had been performed. Both epi-25 and epi-50 diodes had been irradiated with 23
GeV protons fluence steps of about Φeq = 2.2 · 1015cm−2. After each damage step
the diodes were annealed for 50 min at 80◦C corresponding approximately to the
265 days beam off period at room temperature at the S-LHC. The compression
factor between 20◦C and 80◦C was taken to be 7500 for this evaluation, according
to an activation energy for the involved kinetics of 1.31 eV [Mol99]. On the other
hand a simulation was performed calculating the depletion voltage along the full
irradiation and annealing cycles. Values extracted from a detailed parametrization
fit of extensive annealing experiments at 60◦C and 80◦C had been employed [Lin06].
After each annealing step the depletion voltage had been measured followed by
the next irradiation step. The measured data of this experiment as well as the
simulations are shown in Fig. 7.10. An excellent agreement was obtained for both
the epi-25 and the epi-50 diodes. It is clearly seen that the depletion voltage of
the epi-25 diode is increasing with fluence (by roughly a factor of 2) while that of
the epi-50 diode is even slightly decreasing. This is of course due to the fact that
in case of the thin epi-25 diode the positive space charge is much more increasing
with fluence and hence less compensating by the annealing induced acceptors than
in case of the epi-50 one.

For the application of silicon detectors in the tracking area of elementary particle
physics experiments, a good signal-to-noise ratio for minimum ionizing particles
(mip’s) is essential. The electronic noise can be sufficiently reduced if the detectors
are operated at low temperature and provided the capacitance is adequately low,
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MULTI BALL

•  Multi Ball represents high 
current injection 

MULTI BALL

•  With high current injection also 
the shielded core can be reached 

• 	
  MoTvaTon	
   • 	
  RadiaTon	
  damage	
   • 	
  DepleTon	
  voltage	
   • 	
  Leakage	
  current	
  • 	
  Techniques	
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Summary	
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• 	
  sLHC	
  environment	
  create	
  defects	
  in	
  the	
  Si	
  crystal	
  
• 	
  Defects	
  may	
  influence	
  detector	
  properTes	
  
• 	
  Methods	
  like	
  DLTS	
  and	
  TSC	
  provide	
  informaTon	
  
about	
  electrically	
  acTve	
  defects	
  
• 	
  CombinaTon	
  of	
  microscopic	
  &	
  macroscopic	
  
methods	
  reveals	
  defects	
  with	
  impact	
  on	
  sensors	
  

• Breakthrough	
  in	
  understanding	
  the	
  impacts	
  of	
  
radiaTon	
  induced	
  defects	
  on	
  detector	
  properTes	
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