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So	
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•  You	
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  real	
  sensors…	
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So	
  why	
  bother	
  with	
  simula'ons?	
  

•  You	
  repeat	
  all	
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  sensors…	
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Possible	
  work	
  flow	
  for	
  real	
  sensors	
  

Design	
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   Electrical	
  test	
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Simula'ons	
  benefits	
  

•  Simula'ng	
  sensors	
  helps	
  in	
  saving:	
  

! Development	
  'me	
  
! Number	
  of	
  submissions	
  

! Money	
  
•  You	
  can	
  learn	
  a	
  lot	
  in	
  terms	
  of:	
  

" Physics	
  
•  Study	
  quan''es	
  otherwise	
  not	
  accessible!	
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Packages	
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DEVEDIT	
  /	
  
ATHENA	
   Mesh	
  file	
   ATLAS	
  

Log	
  file,	
  
Structure	
  files	
  Tonyplot	
  

DECKBUILD	
  



PIXELS	
  FOR	
  HIGH	
  LUMINOSITY	
  
COLLIDERS	
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The	
  ATLAS	
  experiment	
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The	
  ATLAS	
  Inner	
  Detector	
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The	
  ATLAS	
  pixel	
  detector	
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The	
  Atlas	
  Pixel	
  sensors	
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Inac've	
  area	
  

1.1 mm 



LHC	
  &	
  ATLAS	
  upgrades	
  for	
  the	
  High	
  Lumi	
  era	
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Foreseen	
  Tracker	
  Upgrades	
  

LS1:	
  new	
  Insertable	
  pixel	
  B-­‐layer	
  (IBL)	
  

(LS2:	
  Fast	
  Tracking	
  (FTK))	
  

LS3:	
  All	
  new	
  Tracking	
  Detector	
  	
  

2030:	
  Par'cle	
  fluence	
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  ATLAS	
  upgrades	
  for	
  the	
  High	
  Lumi	
  era	
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Foreseen	
  Tracker	
  Upgrades	
  

LS1:	
  new	
  Insertable	
  pixel	
  B-­‐layer	
  (IBL)	
  

(LS2:	
  Fast	
  Tracking	
  (FTK))	
  

LS3:	
  All	
  new	
  Tracking	
  Detector	
  	
  

2030:	
  Par'cle	
  fluence	
  	
  

For	
  more	
  det
ail	
  see	
  

Michael’s
	
  presen

ta'on	
  
☺	
  



Pixels	
  for	
  the	
  future	
  LHC	
  experiments	
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! Thin:	
  reduce	
  the	
  material	
  
budget,	
  cope	
  with	
  charge	
  
trapping	
  

! Cheap:	
  large	
  area	
  to	
  be	
  
instrumented	
  –	
  O(10	
  m2)	
  

! Efficient:	
  very	
  limited	
  module	
  
'ling	
  in	
  the	
  innermost	
  layers	
  

RAD	
  HARD	
  	
  

&	
  	
  
SLIM	
  EDGE	
  DETECTORS	
  

1016	
  neq/cm2	
  @	
  6	
  ab-­‐1	
  

1	
  cm	
  

Silicon	
  
tracker	
  



SELECTED	
  RESULTS	
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EDGELESS	
  SENSORS	
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Edgeless	
  pixels	
  via	
  Deep	
  Reac've	
  Ion	
  Etching	
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•  Joint	
  FBK-­‐LPNHE	
  project	
  
! Goal:	
  make	
  the	
  border	
  a	
  damage	
  
free	
  ohmic	
  contact	
  

•  How:	
  DRIE	
  
•  Target:	
  intermediate	
  layers	
  

•  200	
  μm	
  thick	
  n-­‐on-­‐p	
  produc'on	
  

•  500	
  μm	
  support	
  wafer	
  

•  Polariza'on	
  via	
  bias	
  tab	
  
•  Pixel-­‐to-­‐trench	
  distance	
  as	
  low	
  as	
  
100	
  μm	
  

100 µm 

$GRs 

FEI4 
sensor 

$trench 



Edgeless	
  designs	
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A	
  concrete	
  example:	
  Ac've	
  Edge	
  sensors	
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“Development	
  of	
  edgeless	
  n-­‐on-­‐p	
  planar	
  pixel	
  sensors	
  for	
  
future	
  ATLAS	
  uprades”	
  
M.	
  Bomben	
  et	
  al.,	
  Nuclear	
  Science,	
  Nuclear	
  Instruments	
  and	
  
Methods	
  in	
  Physics	
  Research	
  A	
  712	
  (2013)	
  41–47	
  

100	
  μm	
  

2	
  GRs	
  
D
op

ed
	
  tr
en

ch
	
  



Intermezzo:	
  TCAD	
  inputs	
  

•  To	
  get	
  reliable	
  predic'ons	
  you	
  need	
  precise	
  
inputs;	
  e.g.	
  doping	
  profiles	
  via	
  SIMS	
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IV	
  on	
  test	
  structures	
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SIMULATIONS	
  

! BD Voltage: Agreement within 20% or better 

200 µm, 1 GR 
 2 GRs 
 3 GRs 
 5 GRs 

DATA	
  

Crucial	
  parameters:	
  p-­‐spray	
  implant	
  
characteris'cs	
  



Charge	
  collec'on	
  efficiency	
  with	
  MIP	
  

•  We	
  can	
  profit	
  of	
  SEU	
  module	
  to	
  study	
  the	
  drix	
  of	
  
charge	
  released	
  along	
  a	
  track	
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• 	
  Entry	
  and	
  exit	
  point	
  
• 	
  Charge	
  per	
  length	
  unit	
  
• 	
  	
  Track	
  'me	
  of	
  arrival	
  

• 	
  Solu'on	
  in	
  the	
  'me-­‐domain	
  

In	
  the	
  following:	
  results	
  for	
  n-­‐on-­‐p	
  diodes	
  



Response	
  to	
  a	
  MIP	
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All	
  electrons	
  
collected	
  

All	
  holes	
  collected	
  

Expected	
  Ini'al	
  current	
  ~	
  λ	
  (<ve>+<vh>)	
  =	
  3.9x10-­‐7	
  A	
  



Charge	
  collec'on	
  efficiency	
  studies	
  (CCE)	
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PIXEL	
  EDGE	
  

Study	
  the	
  collec'on	
  
'me	
  wrt	
  injec'on	
  

posi'on	
  	
  



Signal	
  at	
  50	
  V	
  for	
  unirradiated	
  sensors	
  (zoom)	
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Nominal	
  LHC	
  BC	
  



RADIATION	
  DAMAGE	
  MODELS	
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Radia'on	
  damage:	
  data	
  vs	
  simula'ons	
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23	
  GeV	
  protons	
  irradiated	
  (and	
  
annealed)	
  	
  

n-­‐on-­‐p	
  diodes	
  



Radia'on	
  damage	
  effects	
  

•  Implement	
  radia'on	
  damage	
  effects	
  via	
  traps	
  in	
  
the	
  forbidden	
  gap	
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"Simula'ons	
  of	
  radia'on-­‐damaged	
  3D	
  detectors	
  for	
  the	
  Super-­‐
LHC",	
  	
  
D.	
  Pennicard	
  et	
  al.,	
  Nucl.	
  Instrum.	
  and	
  Meth.	
  A	
  592	
  (2008)	
  16-­‐25	
  



ATLAS:	
  an	
  example	
  for	
  radia'on	
  damage	
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Carriers	
  traps	
  

Interface	
  models	
  



Deple'on	
  voltage	
  –	
  data	
  vs	
  simula'ons	
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ϕ=	
  1	
  x	
  1015	
  neq/cm2	
  

Deple'on	
  voltage	
  [V]	
  



Silicon/SiO2	
  interface	
  defects	
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“Study	
  of	
  surface	
  radia'on	
  damage	
  in	
  silicon	
  sensors",	
  	
  
J.	
  Zhang,	
  18th	
  RD50	
  Workshop,	
  Liverpool,	
  23-­‐25/5/2011	
  



Leakage	
  current	
  –	
  data	
  vs	
  simula'ons	
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Int.	
  traps	
  &	
  avalanche	
  
amplitude	
  10x	
  smaller	
  

Int.	
  traps	
  &	
  avalanche	
  
amplitude	
  20x	
  smaller	
  

Data	
  

Data	
  



Charge	
  collec'on	
  efficiency	
  studies	
  (CCE)	
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PIXEL	
  EDGE	
  

Study	
  the	
  collec'on	
  
'me	
  wrt	
  injec'on	
  

posi'on	
  	
  



Charge	
  collec'on	
  efficiency	
  studies	
  (CCE)	
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ϕ=	
  1	
  x	
  1015	
  neq/cm2	
  

CCETH	
  =	
  	
  
λ/d[1-­‐e-­‐d/λ]	
  
	
  ~	
  67%*	
  

At	
  300	
  V	
  CCE	
  in	
  excess	
  
of	
  50%,	
  even	
  at	
  the	
  

edge	
  

*	
  λ(1x1015neq/cm2)	
  ≈	
  240μm	
  
d	
  =	
  200	
  μm	
  (sensor	
  thickness)	
  



ELECTRIC	
  FIELD	
  MEASUREMENT	
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Grazing	
  angle	
  technique	
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• 	
  Tracks	
  enter	
  at	
  shallow	
  angle	
  wrt	
  
to	
  the	
  detector	
  surface	
  
• 	
  Charge	
  collec'on	
  efficiency	
  as	
  a	
  
func'on	
  of	
  the	
  bulk	
  depth	
  

• 	
  (Analog	
  readout)	
  	
  

•  Technique	
  developed	
  by	
  Henrich,	
  Bertl,	
  Gabathuler	
  &	
  
Horisberger	
  (CMS	
  note	
  1997/021)	
  	
  	
  



Extract	
  electric	
  field	
  from	
  TCAD	
  sims	
  &	
  tb	
  data	
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“Simula'on	
  of	
  Heavily	
  Irradiated	
  Silicon	
  Pixel	
  Sensors	
  
and	
  Comparison	
  with	
  Test	
  Beam	
  Measurements”	
  
V.	
  Chiochia	
  et	
  al.,	
  Nuclear	
  Science,	
  IEEE	
  Transac'ons	
  
on	
  ,	
  vol.52,	
  no.4,	
  pp.	
  1067-­‐	
  1075,	
  Aug.	
  2005	
  

• Study	
  of	
  Charge	
  Collec'on	
  as	
  a	
  func'on	
  of	
  
charge	
  deposi'on	
  depth	
  
• ParameterizaWon	
  of	
  the	
  Electric	
  Filed	
  in	
  
simulaWons	
  
• Comparison	
  data/simulaWon	
  



Level	
  of	
  detail	
  ahained:	
  DP	
  effect	
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Φ=6x1014neq/cm2	
  

•  They	
  vary	
  the	
  input	
  parameters	
  of	
  the	
  model	
  to	
  reproduce	
  the	
  
profiles	
  they	
  observe	
  in	
  data	
  

•  Max	
  fluence	
  inves'gated:	
  6x1014	
  neq/cm2	
  	
  
•  Time	
  to	
  look	
  at	
  high	
  fluences!	
  

Emin	
  	
  ~	
  400	
  V/cm	
  



Project:	
  RD50	
  testbeam	
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• 1	
  week	
  of	
  beam'me	
  at	
  CERN	
  SpS	
  (120	
  GeV/c	
  π)	
  
• DUTs:	
  Highly	
  irradiated	
  pixels	
  
• TCAD	
  simula'ons	
  for	
  different	
  radia'on	
  damage	
  models	
  	
  

Shallow	
  angle	
  configura'on	
  



Possible	
  measurements	
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•  Irradia'on	
  fluences:	
  1÷6x1015	
  neq/cm2	
  

•  Different	
  geometries	
  (strips	
  and	
  pixels)	
  
•  Different	
  materials	
  (DOFZ	
  vs	
  MCz),	
  type	
  (n	
  vs	
  p)	
  

•  Different	
  radia'ons	
  (n,	
  p,	
  π)	
  
•  Charge	
  mul'plica'on?	
  (Dream:	
  only	
  if	
  σtrk	
  ~	
  1µm)	
  



Simulated	
  structure	
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3	
  n-­‐in-­‐p	
  pixels	
  



Collected	
  charge	
  vs	
  track	
  entry	
  point	
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15°	
  



Scanning	
  the	
  bulk	
  depth	
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Looking	
  at	
  PX2	
  
current	
  



Scanning	
  the	
  bulk	
  depth	
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Looking	
  at	
  PX2	
  
current	
  

Sampling	
  different	
  
bulk	
  depths	
  



Ionizing	
  par'cles	
  and	
  carrier	
  distribu'ons	
  

•  Carrier	
  distribu'on	
  during	
  the	
  par'cle	
  strike	
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Electron conc. Hole conc. 



Ionizing	
  par'cles	
  and	
  carrier	
  distribu'ons	
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•  Carrier	
  distribu'on	
  1	
  s	
  axer	
  the	
  par'cle	
  strike	
  

Electron conc. Hole conc. 



Radia'on	
  damage	
  model	
  I	
  -­‐	
  Pennicard	
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The	
  electric	
  field	
  is	
  a	
  monotonic	
  func'on	
  
of	
  the	
  bulk	
  depth	
  

"Simula'ons	
  of	
  radia'on-­‐damaged	
  3D	
  detectors	
  for	
  the	
  Super-­‐
LHC",	
  	
  
D.	
  Pennicard	
  et	
  al.,	
  Nucl.	
  Instrum.	
  and	
  Meth.	
  A	
  592	
  (2008)	
  16-­‐25	
  



Charge	
  profile	
  for	
  Pennicard	
  model	
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Radia'on	
  damage	
  model	
  II	
  -­‐	
  Chiochia	
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The	
  electric	
  field	
  has	
  a	
  minimum	
  in	
  the	
  
midplane	
  

“Simula'on	
  of	
  Heavily	
  Irradiated	
  Silicon	
  Pixel	
  Sensors	
  
and	
  Comparison	
  with	
  Test	
  Beam	
  Measurements”	
  
V.	
  Chiochia	
  et	
  al.,	
  Nuclear	
  Science,	
  IEEE	
  Transac'ons	
  
on	
  ,	
  vol.52,	
  no.4,	
  pp.	
  1067-­‐	
  1075,	
  Aug.	
  2005	
  



Charge	
  profile	
  for	
  Chiochia	
  model	
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COMMENTS	
  AND	
  CONCLUSIONS	
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TCAD	
  simula'ons	
  for	
  HEP	
  sensors:	
  my	
  view	
  

•  Thanks	
  to	
  TCAD	
  you	
  can	
  make	
  powerful	
  
predic'ons	
  on	
  new	
  sensors	
  

•  TCAD	
  could	
  save	
  you	
  money	
  and	
  'me	
  
•  …	
  but	
  to	
  learn	
  it	
  and	
  produce	
  reliable	
  results	
  
might	
  take	
  some	
  'me	
  

•  Beher	
  to	
  have	
  a	
  good	
  knowledge	
  of	
  
semiconductor	
  physics	
  before	
  using	
  TCAD	
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TCAD	
  simula'ons:	
  'me	
  needed	
  

•  The	
  CPU	
  'me	
  increases	
  with	
  number	
  of	
  meshing	
  points	
  
•  E.g.	
  :	
  1	
  minute	
  per	
  bias	
  point	
  for	
  ~	
  100k	
  nodes	
  mesh	
  on	
  
a	
  8	
  core	
  3GHz	
  machine	
  

•  For	
  irradiated	
  sensors	
  it	
  took	
  me	
  ~	
  1/2	
  week	
  to	
  get	
  full	
  
deple'on	
  

•  Another	
  example:	
  'me-­‐domain	
  solu'on.	
  For	
  the	
  same	
  
structure	
  above	
  you	
  need	
  to	
  solve	
  for	
  ~	
  10	
  ns	
  in	
  'me	
  
steps	
  of	
  ps,	
  with	
  ~	
  1	
  minute	
  per	
  point	
  	
  
%	
  it	
  took	
  me	
  1÷2	
  days	
  

! Look	
  for	
  op'miza'ons	
  &	
  compromises!	
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Conclusions	
  

•  TCAD	
  is	
  a	
  very	
  powerful	
  tool	
  for	
  HEP	
  silicon	
  sensors	
  
•  You	
  can	
  reduce	
  the	
  number	
  of	
  submission,	
  and	
  so	
  
cu�ng	
  'me	
  and	
  money	
  to	
  get	
  results	
  

•  The	
  program	
  is	
  rather	
  complex,	
  and	
  if	
  you	
  don’t	
  know	
  
what	
  you	
  are	
  doing	
  is	
  easy	
  to	
  get	
  a	
  bit	
  lost	
  

•  So,	
  if	
  you	
  want	
  to	
  use	
  TCAD,	
  it	
  is	
  recommended	
  to	
  have	
  
a	
  good	
  knowledge	
  of	
  semiconductor	
  physics,	
  and	
  good	
  
data	
  inputs	
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One	
  last	
  thing	
  

•  It	
  could	
  be	
  nice	
  and	
  funny	
  to	
  work	
  with	
  TCAD	
  
simula'ons	
  ☺	
  

•  So	
  if	
  you	
  are	
  interested	
  in	
  working	
  with	
  TCAD	
  
simula'ons,	
  feel	
  free	
  to	
  contact	
  me:	
  	
  
marco.bomben@cern.ch	
  

! 	
  Thank	
  you!	
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BACKUP	
  MATERIAL	
  

M.	
  Bomben	
  -­‐	
  SIM-­‐détecteurs	
  2014	
  -­‐	
  15-­‐17/09/2014	
  -­‐	
  LPNHE,	
  Paris	
   63	
  



Before	
  strike	
  

Electrons	
   Holes	
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30	
  ps	
  axer	
  par'cle	
  hit	
  

Electrons	
   Holes	
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80	
  ps	
  axer	
  par'cle	
  hit	
  

Electrons	
   Holes	
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780	
  ps	
  axer	
  par'cle	
  hit	
  

Electrons	
   Holes	
  

M.	
  Bomben	
  -­‐	
  SIM-­‐détecteurs	
  2014	
  -­‐	
  15-­‐17/09/2014	
  -­‐	
  LPNHE,	
  Paris	
   67	
  



4	
  ns	
  axer	
  par'cle	
  hit	
  

Electrons	
   Holes	
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100	
  ns	
  axer	
  par'cle	
  hit	
  

Electrons	
   Holes	
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Digi'zer	
  inputs	
  from	
  TCAD:	
  ramo	
  poten'al	
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Simula'on	
  of	
  CCE	
  studies	
  with	
  laser	
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