
3rd	  Beam	  telescopes	  and	  Testbeams	  Workshop	  2015	  

TCAD	  simula>ons	  	  

for	  silicon	  sensors	  and	  testbeams	  
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INTRODUCTION	  
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Introduc>on	  

•  Technology	  Computer	  Aided	  Design	  -‐	  TCAD	  

4	  

•  Solve	  driY/diffusion	  &	  Poisson	  equa>ons	  for	  
electrons	  and	  holes:	  

•  taking	  into	  account	  boundary	  condi>ons	  
– Electrodes’	  poten>als,	  interface	  charges,	  etc	  

•  on	  a	  grid	  of	  points	  
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Normal	  work	  flow	  for	  a	  HEP	  silicon	  sensors	  

Design	   Produc>on	   Electrical	  test	  

Irradia>on	  
Charge	  

collec>on	  
studies	  

Publish	  the	  
results!	  
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TCAD	  simula>on	  work	  flow	  

Design	  a	  
sensor	  

Build	  the	  	  
mesh	  

Ramp	  up	  the	  
bias	  

Add	  rad	  
damage	  
effects	  

Study	  the	  CCE	  Publish	  the	  
results	  

6	  M.	  Bomben	  &	  I.	  Rubinskyi	  -‐	  25th	  RD50	  workshop	  -‐	  CERN,	  19-‐21/11/2014	  



So	  why	  bother	  with	  simula>ons?	  

•  You	  repeat	  all	  the	  “steps”	  of	  real	  sensors…	  
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So	  why	  bother	  with	  simula>ons?	  

•  You	  repeat	  all	  the	  “steps”	  of	  real	  sensors…	  
•  It	  is	  not	  true!	  	  
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Possible	  work	  flow	  for	  real	  sensors	  

Design	   Produc>on	   Electrical	  test	  

Irradia>on	  
Charge	  

collec>on	  
studies	  

BROKEN	  
SENSOR	  /	  POOR	  
PERFORMANCE	  

END	  OF	  THE	  
STORY	  -‐	  $$$	  

LOST!	  
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TCAD	  simula>on	  work	  flow	  

Design	  a	  sensor	   Build	  the	  mesh	   Ramp	  up	  the	  
bias	  

Add	  rad	  damage	  
effects	  Study	  the	  CCE	  

BAD	  RESULT?	  

POOR	  
PERFORMANCE?	  
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TCAD	  simula>on	  work	  flow	  

Re-‐design	  (a	  
beker)	  sensor	   Build	  the	  mesh	   Ramp	  up	  the	  

bias	  

Add	  rad	  damage	  
effects	  Study	  the	  CCE	  

BAD	  RESULT?	  

POOR	  
PERFORMANCE?	  
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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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SOFTWARE	  FEATURES	  
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TCAD	  packages	  &	  work	  flow	  

DEVEDIT	  /	  
ATHENA	   Mesh	  file	   ATLAS	  

Log	  file,	  
Structure	  files	  Tonyplot	  
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DECKBUILD	  
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A	  Deckbuild	  session	  
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Lots	  of	  examples	  

Input	  window	  

Run>me	  output	  

M.	  Bomben	  &	  I.	  Rubinskyi	  -‐	  25th	  RD50	  workshop	  -‐	  CERN,	  19-‐21/11/2014	  



Athena:	  semiconductor	  processing	  simula>on	  
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Define	  implants,	  trenches,	  
oxida>ons,	  ecc	  using	  ATHENA	  

Trench	  defini>on	  

Implant	  defini>on	  

Profile	  along	  a	  
cutline	  
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ATLAS:	  device	  simula>on	  

•  ATLAS	  provides	  general	  capabili>es	  for	  
physically-‐based	  two	  (2D)	  and	  three-‐
dimensional	  (3D)	  simula>on	  of	  semiconductor	  
devices.	  

•  Typical	  simula>on	  	  
program	  structure	  #	  
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ATLAS:	  main	  features	  

•  TONS	  of	  models:	  
•  S-‐Pisces:	  	  

Silicon	  Based	  2D	  	  
Simulator	  

•  3D	  Device	  	  
Simulator	  

•  Luminous:	  	  
Optoelectronic	  	  
Simulator	  

•  Single	  Event	  Upset	  
•  …	  

•  LOT	  of	  op>ons	  
•  HUGE	  manual	  
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ATLAS:	  an	  example	  
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Carriers	  traps	  

Models	  for	  mobility,	  recombina>on,	  etc	  	  

Interface	  models	  

Material	  
modifica>ons	  

Numerical	  methods	  
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Tonyplot:	  plopng	  results	  
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Check	  curves	  and	  2D/3D	  
distribu>ons	  using	  tonyplot	  
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Tonyplot	  
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Mesh	  structure	  
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SELECTED	  RESULTS	  
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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
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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	  

Doped	  trench	  
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IV	  on	  test	  structures	  

25	  

SIMULATIONS	  

! BD Voltage: Agreement within 20% or better 

200 µm, 1 GR 
 2 GRs 
 3 GRs 
 5 GRs 

DATA	  
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Silicon microscopic damage effects 
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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	  
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Data	  vs	  TCAD	  simula>ons	  
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Irradiated	  (and	  annealed)	  	  
n-‐on-‐p	  diodes	  

DEPLETION	  VOLTAGE	  
Simula6on	  

Data	  

Φ = 1x1015neq/cm2	  

Data	  

Data	  

Simula6ons	  

A	  lot	  of	  work	  for	  impact	  ioniza>on	  models	  and	  
interface	  traps	  and	  charges	  
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Charge	  collec>on	  efficiency	  with	  MIP	  

•  We	  can	  profit	  of	  SEU	  module	  to	  study	  the	  driY	  
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	  
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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	  
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P-‐bulk:	  irradia>on	  models	  
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"Numerical	  Simula>on	  of	  Radia>on	  Damage	  Effects	  in	  p-‐
Type	  and	  n-‐Type	  FZ	  Silicon	  Detectors,"	  	  
Petasecca,	  M.	  et	  al,	  Nuclear	  Science,	  IEEE	  Transac>ons	  on	  ,	  
vol.53,	  no.5,	  pp.2971-‐2976,	  Oct.	  2006,	  	  

"Simula>ons	  of	  radia>on-‐damaged	  3D	  detectors	  for	  the	  
Super-‐LHC",	  	  
D.	  Pennicard	  et	  al.,	  Nucl.	  Instrum.	  and	  Meth.	  A	  592	  (2008)	  
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CCE	  studies	  for	  n-‐on-‐p	  sensors	  –	  MPP	  group	  

32	  

S	  Terzo	  et	  al	  2014	  
	  JINST	  9	  C12029	  
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CCE:	  data-‐simula>on	  comparison	  
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$ 	  Good	  agreement	  with	  the	  Petasecca	  model	  
% 	  Pennicard	  one	  foresees	  a	  too	  severe	  trapping	  
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CCE:	  data-‐simula>on	  comparison	  
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$ 	  Good	  agreement	  with	  the	  Pennicard	  model	  
% 	  Petasecca	  one	  foresees	  a	  less	  severe	  trapping	  
? 	  Annealing	  effect?	  Mixed	  irradia>ons	  effect?	  
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CCE:	  data-‐simula>on	  comparison	  
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$ 	  Good	  agreement	  with	  the	  Pennicard	  model	  
% 	  Petasecca	  one	  foresees	  a	  less	  severe	  trapping	  
? 	  Annealing	  effect?	  Non	  unform	  irradia>ons	  effect?	  
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CCE:	  data-‐simula>on	  comparison	  
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% 	  None	  of	  the	  model	  gives	  a	  reasonble	  predic>on	  for	  the	  
CCE	  
! 	  Need	  to	  develop	  a	  beker	  model	  
? Annealing	  effect?	  	  
? Non	  uniform	  irradia>on	  effects?	  
! 	  These	  ques6ons	  can	  be	  addressed	  using	  	  simula6ons	  
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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 Collection as a function of 
charge deposition depth 
• Parameterization of the Electric Filed in 
simulations 
• Comparison data/simulation 
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Electric	  field	  distribu>on	  	  
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300	  V	  

Similar	  predic>ons	  from	  the	  2	  models	  
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Charge	  collec>on	  profile	  
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300	  V	  

We	  can	  discriminate	  them!	  
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N-‐on-‐n	  pixels	  –	  Electric	  field	  profile	  comparison	  
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200	  V	  
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N-‐on-‐n	  pixels	  –	  Charge	  profile	  
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200	  V	  
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COMMENTS	  AND	  CONCLUSIONS	  
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Conclusions	  

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

•  Combining	  TCAD	  simula>ons	  and	  testbeam	  data	  can	  
probe	  fundamental	  quan>>es	  like	  electric	  field	  
distribu>on,	  trapping,	  etc.	  

•  A	  solid	  knowledge	  of	  semiconductor	  physics,and	  good	  
data	  inputs	  are	  recommended	  to	  fully	  exploit	  TCAD	  
simula>ons	  
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One	  last	  remark	  

•  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	  
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Devedit:	  device	  structure	  editor	  
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Define	  implants,	  electrodes,	  
oxida>ons,	  ecc	  using	  DEVEDIT	  

Pixel	  implant	  
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Intermezzo:	  TCAD	  inputs	  

•  To	  get	  reliable	  predic>ons	  you	  need	  precise	  
inputs;	  e.g.	  doping	  profiles	  via	  SIMS	  
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Before	  strike	  

Electrons	   Holes	  
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30	  ps	  aYer	  par>cle	  hit	  

Electrons	   Holes	  
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80	  ps	  aYer	  par>cle	  hit	  

Electrons	   Holes	  
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780	  ps	  aYer	  par>cle	  hit	  

Electrons	   Holes	  
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4	  ns	  aYer	  par>cle	  hit	  

Electrons	   Holes	  
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100	  ns	  aYer	  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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Non	  uniform	  irradia>on	  at	  LANSCE	  
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Simulated	  structure	  
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3	  n-‐on-‐p	  pixels	  
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Collected	  charge	  vs	  track	  entry	  point	  

58	  

15°	  
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Scanning	  the	  bulk	  depth	  
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Looking	  at	  PX2	  
current	  
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Scanning	  the	  bulk	  depth	  
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Looking	  at	  PX2	  
current	  

Sampling	  different	  
bulk	  depths	  
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Ionizing	  par>cles	  and	  carrier	  distribu>ons	  

•  Carrier	  distribu>on	  during	  the	  par>cle	  strike	  
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Electron conc. Hole conc. 
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Ionizing	  par>cles	  and	  carrier	  distribu>ons	  

62	  

•  Carrier	  distribu>on	  1	  s	  aYer	  the	  par>cle	  strike	  

Electron conc. Hole conc. 
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TCAD	  simula>ons:	  >me	  needed	  

•  The	  CPU	  >me	  increases	  with	  number	  of	  meshing	  points	  

•  Some	  analysis	  are	  not	  parallelized	  (e.g.	  AC)	  
•  E.g.	  :	  1	  minute	  per	  bias	  point	  for	  ~	  100k	  nodes	  mesh	  on	  a	  8	  
core	  3GHz	  machine	  

•  For	  irradiated	  sensors	  this	  translates	  into	  ~	  1	  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	  #	  1	  week	  needed	  
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Reminder:	  N-‐bulk	  irradia>on	  models	  
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Petasecca	  model	  for	  N-‐type	  

EVL	  model	  for	  N-‐type	  

Chiochia	  model	  for	  N-‐type	  

Same	  levels	  as	  EVL	  
model	  

Plus:	  fluence	  
dependent	  carrier	  

life>me	  
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