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Advantageous	
  Annealing	
  Behavior	
  of	
  p-­‐MCz	
  

Operational material characteristics

irradiation shows a p-bulk behavior for the FZ200 and MCz200P materials. The MCz200N,
which did not undergo a space charge sign inversion after the single 23 GeV proton irradiation,
shows a fluence dependent annealing behavior. After an irradiation with 3·1014 cm−2 protons
and 4·1014 cm−2 neutrons, where the neutron irradiation dominates, the MCz200N material
shows a clear p-bulk annealing behavior. At higher fluences with higher proton to neutron
ratios, the picture is not as clear.
The long term annealing of the FZ200 material shows the expected increase of the full depletion
voltage.
The long term annealing of the MCz200 materials show a stable full depletion voltage at higher
fluences instead of the expected increase. This indicates a balancing of acceptors and donors
created in different amount in the proton and neutron irradiation. In addition the difference of
the full depletion voltage between the MCz200 n-bulk and p-bulk material is very small after
the short term annealing. A summary of the SCSI is given in table 6.6.
The small changes in the full depletion voltage after long annealing times for MCz200 materials
are beneficial for the operation of the tracking detector, since the needed operating voltage of
the sensors is not increasing during long maintenance periods.
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Figure 6.20: Annealing of the full depletion voltage after pG + n irradiation. The model param-
eters of the performed fits are given in section 3 of the appendix.

88

FZ	
  

MCz	
  

Φ=2x1015	
  cm-­‐2	
  

J.	
  
Er
fle

,	
  P
hD

	
  th
es
is,
	
  H
am

bu
rg
	
  U
ni
ve
rs
ity

	
  2
01
4	
  

•  P-­‐type	
  MCz	
  demonstrates	
  advantageous	
  “long	
  term	
  annealing”	
  	
  
•  OperaXon	
  voltage	
  does	
  not	
  increase	
  in	
  MCz	
  at	
  long	
  annealing	
  Xmes	
  
à  Longer	
  warm	
  up	
  or	
  controlled	
  annealing	
  periods	
  possible	
  

à  PotenXally	
  good	
  for	
  power	
  dissipaXon	
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N-­‐side	
  read	
  out	
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  preferred	
  read	
  out	
  scheme	
  
•  Favourable	
  combinaXon	
  of	
  weighXng	
  and	
  electric	
  

field	
  in	
  heavily	
  irradiated	
  detector	
  
•  CMS	
  results	
  show	
  potenXal	
  noise	
  effects	
  at	
  doses	
  >	
  

1x1015	
  neq/cm²	
  	
  
•  T-­‐CAD	
  simulaXons	
  confirm	
  the	
  tendency	
  of	
  	
  p-­‐in-­‐n	
  

strip	
  sensors	
  to	
  exhibit	
  higher	
  electric	
  fields	
  at	
  the	
  
strips	
  for	
  increasing	
  oxide	
  

•  N-­‐in-­‐p	
  is	
  a	
  single	
  sided	
  process	
  à	
  cost	
  effecXve	
  	
  
•  Thin	
  silicon	
  with	
  a	
  double-­‐sided	
  process	
  unlikely	
  

because	
  of	
  much	
  lower	
  yield	
  (handling)	
  

A.	
  Junkes	
  -­‐	
  Pixel	
  Sensor	
  Development	
  Part	
  II	
  3/6/15	
   A.	
  Junkes	
  -­‐	
  Pixel	
  Sensor	
  Development	
  Part	
  II	
   11	
  

From	
  n-­‐in-­‐n	
  to	
  n-­‐in-­‐p	
  

n-­‐in-­‐p	
  
p-­‐in-­‐n	
  

Noise	
  histogram	
  in	
  80	
  µm	
  pitch	
  strip	
  sensor	
  

The'pPtype'SiPSensor''

1/15/15' A.'Junkes'P'Sensors'Produc.on'with'HIP' 7'14

What is ALD good for radiation detectors ? 
•  Trapping can significantly reduced if detector 

structure is n+/p-/p+ (n on p) instead of usual p+ 

implants. 

• This is due to 3×higher mobility of electrons

• Oxide charge is positive → electron accumulation at 

Si/SiO2 interface

• Elevated surface charge can be eliminated by 

different p-spray (B field implantation) and p-stop 

(segmented B implant) 
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Problems'of'pPspray'and'pPstop:'
•  Noise'due'to'high'fields'or'bad'

breakdown'behavior'
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MoXvaXon	
  
•  Improve	
  spaXal	
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  below	
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Problems	
  for	
  fine	
  pitches	
  
•  Not	
  enough	
  space	
  for	
  p-­‐stop	
  for	
  each	
  pixel	
  cell	
  	
  
•  Not	
  enough	
  space	
  for	
  convenXonal	
  bias	
  scheme	
  (for	
  sensor	
  tests)	
  
•  Not	
  much	
  experience	
  with	
  bias	
  scheme	
  at	
  very	
  high	
  Φ	
  
à  InvesXgate	
  alternaXves	
  

•  Common	
  p-­‐stop	
  
•  Common	
  punch	
  through	
  
•  Poly-­‐Si	
  resistors	
  
•  No	
  biasing	
  scheme	
  

150	
  µm	
  

100	
  µm
	
  

25	
  µm	
  

100	
  µm	
  

Comparison	
  of	
  current	
  CMS	
  pixel	
  cell	
  size	
  to	
  foreseen	
  size	
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Thin	
  Planar	
  Sensors	
  and	
  3D	
  

Common	
  advantages:	
  
Short	
  drix	
  path	
  
Higher	
  fields	
  at	
  same	
  Vbias	
  
Common	
  problems:	
  
ROC	
  availability	
  
Bump	
  bonding	
  

Thin	
  planar	
  sensors:	
  
•  Low	
  total	
  leakage	
  axer	
  

irradiaXon	
  
Drawback:	
  
•  Smaller	
  iniXal	
  signal	
  (76e-­‐/µm)	
  
•  Design	
  limits	
  for	
  small	
  pixels	
  
•  Thinning	
  of	
  handling	
  wafer	
  

The	
  most	
  promising	
  technologies	
  that	
  are	
  opXons	
  for	
  the	
  phase	
  II	
  pixel	
  upgrade:	
  
3D	
  and	
  planar	
  pixel	
  sensors	
  

3D	
  sensors:	
  
•  Thick	
  sensor	
  possible	
  
Drawback:	
  
•  Higher	
  Capacity	
  
•  Low	
  yield	
  
•  Are	
  very	
  small	
  pitches	
  

possible?	
  

3D	
  

Planar	
  

ATLAS	
  and	
  CMS	
  are	
  jointly	
  submiyng	
  2	
  new	
  producXons!	
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3D	
  Sensors	
  with	
  Small	
  Pitch	
  
•  Smaller	
  pitches	
  require	
  very	
  narrow	
  columns	
  
•  And	
  smaller	
  inter-­‐electrode	
  spacing	
  required	
  for	
  high	
  Φ	
  
•  Defined	
  aspect	
  raXo	
  between	
  hole	
  heights	
  and	
  width	
  
•  To	
  keep	
  aspect	
  raXo,	
  sensors	
  need	
  to	
  be	
  thinner	
  
à  Use	
  handling	
  wafer,	
  requires	
  thinning	
  	
  
	
  
Issue	
  could	
  arise	
  from	
  placing	
  bump	
  pads	
  over	
  columns	
  

SEM	
  image	
  

5.3	
  µm	
  

5.5	
  µ	
  m	
  

DRIE	
  Process	
  

88
	
  µ
m
	
  

25 x 100	
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TDR	
  for	
  pixel	
  detector	
  planned	
  for	
  2016	
  -­‐2017	
  	
  
	
  
Material	
  	
  
•  n-­‐in-­‐p	
  technology	
  cheaper	
  and	
  preferable	
  
•  Possible	
  advantage	
  of	
  MCz	
  due	
  to	
  annealing	
  behavior	
  
	
  
Small	
  pitch	
  
•  Exploit	
  planar	
  and	
  3D	
  technologies	
  
•  Exploit	
  alternaXve/no	
  biasing	
  schemes	
  
	
  
3D	
  Sensor	
  open	
  quesXons	
  
•  Exploit	
  benefit	
  to	
  radiaXon	
  tolerance	
  
•  Exploit	
  small	
  pitch	
  design	
  

19	
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Silicon	
  Detectors	
  Present	
  and	
  Future	
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ATLAS	
  Tracker	
  

CMS	
  Tracker	
  

ATLAS	
  IBL	
  

CMS	
  Phase	
  I	
  	
  
Upgrade	
  

ALICE	
  Tracker	
  
ALICE	
  ITS	
  
Upgrade	
  	
  

LHCb	
  VELO	
  
+	
  Trackers	
   (LHCb	
  Spare	
  VELO)	
  

~	
  430	
  m2	
  of	
  new	
  
silicon	
  needed	
  for	
  
new	
  construcXon	
  
+	
  R&D,	
  spares…	
  

LHCb	
  pixel	
  
upgrade	
  +	
  UT	
  



ATLAS	
  

CMS	
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Move	
  to	
  3D	
  Technology	
  

DepleXon	
  perpendicular	
  to	
  the	
  sensor	
  surface	
  
•  Minimize	
  signal	
  drix	
  distance	
  and	
  Xme	
  
•  Less	
  trapping	
  of	
  signal	
  
•  Leads	
  to	
  improved	
  radiaXon	
  tolerance	
  over	
  planar	
  design	
  
•  Lower	
  bias	
  voltages	
  =	
  lower	
  power	
  =	
  less	
  cooling	
  load	
  
•  1/4th	
  of	
  the	
  ATLAS	
  IBL	
  layer	
  made	
  of	
  3D	
  sensors,	
  designed	
  

for	
  Φeq=5x1015	
  cm2	
  

But:	
  
•  Expensive	
  &	
  Xme-­‐consuming	
  producXon	
  	
  
•  Small	
  pitches	
  require	
  thin	
  devices	
  (one	
  of	
  the	
  advantages)	
  

3D	
  -­‐	
  Candidate	
  for	
  first	
  layer	
  Planar	
  -­‐	
  Candidate	
  main	
  part	
  of	
  detector	
  



Bias	
  Rail	
  and	
  Poly-­‐Si	
  RouXng	
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Type	
  10	
  	
   100V	


400V	


Effi
ci
en

cy
	
  

Type13	
  (Wide	
  p-­‐stop)	


Bias	
  rail	


Type18	
  	
  
(Large	
  offset)	
 Type	
  19	
  	


Punch	
  Through	


Poly-­‐Si	


Poly-­‐Si	
  +	
  bias	
  rail	

No	
  Bias	
  

DESY	
  testbeam	


Bias	
  rail	
  effect	
  is	
  nearly	
  
eliminated	
  

Studies	
  done	
  with	
  
FE-­‐I4,	
  
Will	
  change	
  with	
  
new	
  ROC	
  
	
  
Poly-­‐Si	
  resistor	
  
with	
  1	
  MΩ 
difficult	
  in	
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Technique	
   Based	
  on/	
  measures	
   Results	
   Limits/	
  drawback	
  

Deep	
  Level	
  Transient	
  
Spectroscopy	
  (DLTS)	
  

Charge	
  capture-­‐emission/	
  
capacitance	
  transients	
  

Defects	
  properXes	
  
and	
  concentraXon	
  

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

Thermally	
  SXmulated	
  
Current	
  	
  (TSC)	
  

Charge	
  capture-­‐emission/	
  
current	
  

Defects	
  properXes	
  
and	
  concentraXon	
  

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

Photoluminescence	
  (PL)	
   Photon	
  absorpXon-­‐emission	
  /	
  
luminescence	
  

PL	
  bands,	
  defects	
  
ionisaXon	
  energy	
  

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

Infrared	
  AbsorpXon	
  (IR)	
   ExcitaXon	
  of	
  vibraXonal	
  modes	
  
of	
  molecules	
  by	
  IR	
  absorpXon	
  /	
  
AbsorpXon	
  of	
  IR	
  energy	
  

Defects	
  chemical	
  
structure	
  and	
  
concentraXon	
  

-­‐ 	
  Large	
  density	
  of	
  defects	
  
-­‐ 	
  Electrical	
  properXes	
  

ParamagneXc	
  
Resonance	
  (EPR)	
  

Zeeman	
  effect	
  and	
  Spin	
  
resonance	
  /	
  microwave-­‐	
  photon	
  
absorpXon	
  

Defects	
  chemical	
  
structure	
  and	
  
concentraXon	
  

-­‐	
  Large	
  density	
  of	
  defects	
  	
  
-­‐ 	
  Only	
  paramagneXc	
  centers	
  
-­‐ 	
  Electrical	
  properXes	
  

X-­‐ray	
  diffracXon	
   Coherent	
  interference/	
  
Sca~ered	
  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	
  preparaXon	
  
-­‐ 	
  Large	
  density	
  of	
  defects	
  

No	
  experimental	
  technique	
  provides	
  all	
  defects	
  characterisXcs	
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Technique	
   Based	
  on/	
  measures	
   Results	
   Limits/	
  drawback	
  

Deep	
  Level	
  Transient	
  
Spectroscopy	
  (DLTS)	
  

Charge	
  capture-­‐emission/	
  
capacitance	
  transients	
  

Defects	
  properXes	
  
and	
  concentraXon	
  

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

Thermally	
  SXmulated	
  
Current	
  	
  (TSC)	
  

Charge	
  capture-­‐emission/	
  
current	
  

Defects	
  properXes	
  
and	
  concentraXon	
  

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

Photoluminescence	
  (PL)	
   Photon	
  absorpXon-­‐emission	
  /	
  
luminescence	
  

PL	
  bands,	
  defects	
  
ionisaXon	
  energy	
  

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

Infrared	
  AbsorpXon	
  (IR)	
   ExcitaXon	
  of	
  vibraXonal	
  modes	
  
of	
  molecules	
  by	
  IR	
  absorpXon	
  /	
  
AbsorpXon	
  of	
  IR	
  energy	
  

Defects	
  chemical	
  
structure	
  and	
  
concentraXon	
  

-­‐ 	
  Large	
  density	
  of	
  defects	
  
-­‐ 	
  Electrical	
  properXes	
  

ParamagneXc	
  
Resonance	
  (EPR)	
  

Zeeman	
  effect	
  and	
  Spin	
  
resonance	
  /	
  microwave-­‐	
  photon	
  
absorpXon	
  

Defects	
  chemical	
  
structure	
  and	
  
concentraXon	
  

-­‐	
  Large	
  density	
  of	
  defects	
  	
  
-­‐ 	
  Only	
  paramagneXc	
  centers	
  
-­‐ 	
  Electrical	
  properXes	
  

X-­‐ray	
  diffracXon	
   Coherent	
  interference/	
  
Sca~ered	
  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	
  preparaXon	
  
-­‐ 	
  Large	
  density	
  of	
  defects	
  

Electrical	
  methods	
  

Not	
  tried	
  yet	
  

No	
  experimental	
  technique	
  provides	
  all	
  defects	
  characterisXcs	
  

No	
  informaNon	
  about	
  

electrical	
  prop
erNes	
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Electrons in the conduction band

Holes in the valence band
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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	
  SXmulated	
  Current	
  technique	
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€ 
€ 

• 	
  Signal	
  as	
  funcXon	
  of	
  temperature	
  

Current	
  

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

3.  Nt	
  from	
  integral	
  of	
  TSC-­‐current	
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Defects	
  with	
  impact	
  on	
  Neff	
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Neff	
  for	
  n	
  and	
  p	
  irradiaXon	
  (CV)	
  for	
  Epi-­‐Do	
   Corresponding	
  defects	
  (TSC)	
  

• 	
  Cluster	
  defect	
  E(30K)	
  enhanced	
  axer	
  protons	
  
• 	
  Shallow	
  donor	
  E(30K)	
  overcompensates	
  deep	
  acceptors	
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Silicon	
  “Materials”	
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  silicon	
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Oxygen	
  enriched	
  FZ	
  (DOFZ)	
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  enriched	
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  (EPI-­‐DO)	
  

Single crystal 
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Impurity	
  concentraXon,	
  mainly	
  oxygen	
  

Si-­‐growth	
  process	
  determines	
  


