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Why	
  the	
  1017	
  Ballpark	
  ?	
  

•  Run1	
  at	
  LHC	
  finished,	
  2&3	
  in	
  sight	
  
–  Designed	
  for	
  730	
  Y-­‐1	
  of	
  14	
  TeV	
  pp	
  

collisions,	
  ~30	
  Y-­‐1	
  in	
  Run1	
  
–  Will	
  probably	
  get	
  ~½	
  of	
  planned	
  

•  HL-­‐LHC	
  in	
  advanced	
  planning	
  
–  3000	
  Y-­‐1	
  i.e.	
  ~10xLHC	
  
–  ~1016	
  neq/cm2	
  for	
  pixels	
  (pions)	
  
–  nx1016	
  neq/cm2	
  for	
  vFW	
  pixels	
  (π	
  &	
  n)	
  
–  ~1017	
  neq/cm2	
  for	
  FCAL	
  (neutrons)	
  

•  Can	
  (tracking)	
  sensors	
  survive	
  in	
  
these	
  extreme	
  environments	
  ?	
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Neutrons$in$the$MiniUFCal$

P.Krieger,$University$of$Toronto$ Calorimetry$for$the$High$Energy$Fron@er,$Paris,$$April$2013$ 21$

Diamond$sensors$also$shown$to$func@on$aper$exposure$to$1.5$x$1017$n/cmU2$(IBRU2m$
reactor$in$Dubna:$$also$used$for$sFCal$/$MiniUFCal$material$tes@ng).$

3000	
  5-­‐1	
  

1.5x1017	
  n/cm2	
  

ATLAS	
  FCAL	
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(a) Inner tracker region. The bin sizes are 2 cm in both Z and R.
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(b) Pixel region. The bin sizes are 2 cm in Z and 0.2 cm in R.

Figure 6: 1 MeV neutron equivalent fluences for 3000 fb�1.

ATLAS	
  Pixel	
   3000	
  5-­‐1	
  

Muon Tagger Location 

9-Apr-2014 Forward Muon Improvements 

K=4.5 

5 cm gap at z ~ 6.75 m 
K�= 4.5 Î r = 15 cm 
K�= 2.5 Î r = 110 cm   4 



ExpectaEons	
  for	
  1017	
  neq/cm2	
  	
  

•  Current:	
  Ileak	
  =	
  4	
  A/cm3	
  @20°C	
  
–  2	
  mA	
  for	
  300	
  μm	
  thick	
  1	
  cm2	
  detector	
  @	
  -­‐20°C	
  

•  DepleEon:	
  Neff	
  ≈	
  1.5x1015	
  cm-­‐3	
  

–  FDV	
  ≈	
  100	
  kV	
  
•  Trapping	
  τeff	
  ≈	
  1/40	
  ns	
  =	
  25	
  ps	
  
–  Q	
  ≈	
  Q0/d	
  vsatτeff	
  ≈	
  80	
  e/μm	
  200	
  μm/ns	
  1/40	
  ns	
  =	
  400	
  e	
  in	
  very	
  
high	
  electric	
  field	
  (>1	
  V/μm)	
  

•  Observed	
  signal	
  not	
  at	
  all	
  compaEble	
  with	
  expectaEons	
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Figure 1. Schematic view of the Edge-TCT technique.

is given by [13]

I(y, t) = Ie(y, t)+ Ih(y, t) ⇡ e0 ANe�h
1

W

⇥
ve(y, t)e�t/te f f ,e + vh(y, t)e�t/te f f ,h

⇤
, (3.1)

where y denotes the beam position, e0 elementary charge, A amplifier amplification, Ne�h number
of generated electron hole pairs and ve,h the drift velocities averaged over the strip width at given y
(see Fig. 1). Note that the weighting field term is effectively 1/W , where W denotes the detector
thickness. This is a consequence of uniform generation of charge underneath many strips [13]. The
current amplitude immediately after non-equilibrium carrier generation (exp(�t/te f f ,e,h)⇡ 1) can
therefore be expressed as

I(y, t ⇠ 0)⇡ e0 ANe,h
ve(y)+ vh(y)

W
. (3.2)

Hence the initial rise of the current is proportional to the sum of drift velocities. An example of
induced current pulses at y= 50 µm for different bias voltages in an non-irradiated detector is given
in Fig. 2a. The slope of the induced current pulse rise up to ⇠ 600 ps was taken as the measure of
the sum of drift velocities. Different time intervals, all shorter than the rise time of the electronics,
were investigated and all yielded similar values of drift velocity. Shorter intervals are less affected
by possible trapping effects, but lead to larger fluctuations in the velocity profile. Selected interval
was chosen as a good compromise between both.

A scan across the depth was made to produce the velocity profile in the detector. For a non-
irradiated detector (Fig. 2b.) it can be clearly seen that the velocity of charges injected in non-
depleted bulk vanishes. The difference in doping at the p+ contact (back side of the detector) results
in appearance of electric field even at voltages below Vf d ⇠ 180 V. At V > Vf d the velocity starts
to saturate and there is little difference between profiles at 300 V and 500 V. The velocity profiles
of neutron irradiated detector to different fluences are shown if Fig. 3. At the strip side velocity
is almost saturated at high bias voltages for all fluences. Velocity profile at the total received
fluence of 1016 cm�2, however, exhibits a non-negligible increase at highest voltages which can be
attributed to charge multiplication; i.e. increase of Ne�h in Eq. 3.2.
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Edge	
  TCT	
  

•  Inspired	
  by	
  beam	
  grazing	
  technique	
  
introduced	
  by	
  R.	
  Horisberger	
  to	
  study	
  
CCE	
  in	
  pixel	
  detectors	
  

•  Edge-­‐TCT	
  
–  Replace	
  small	
  angle	
  beam	
  by	
  edge-­‐on	
  

IR	
  laser	
  perpendicular	
  to	
  strips,	
  
detector	
  edge	
  polished	
  	
  

–  Focus	
  laser	
  under	
  the	
  strip	
  to	
  be	
  
measured,	
  move	
  detector	
  to	
  scan,	
  

–  Measure	
  induced	
  signal	
  with	
  fast	
  
amplifier	
  with	
  sub-­‐ns	
  rise-­‐Eme	
  (TCT)	
  

–  8	
  µm	
  FWHM	
  under	
  the	
  chosen	
  strip,	
  
fast	
  (40	
  ps)	
  and	
  powerful	
  laser	
  
•  Caveat	
  –	
  injecEng	
  charge	
  under	
  all	
  
strips	
  effecEvely	
  results	
  in	
  constant	
  
weighEng	
  (albeit	
  not	
  electric	
  !)	
  field	
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Beam	
  grazing	
  

Edge	
  TCT	
  



Electric	
  Field	
  Measurement	
  

•  IniEal	
  signal	
  proporEonal	
  to	
  velocity	
  
sum	
  at	
  given	
  detector	
  depth	
  

•  Caveats	
  for	
  field	
  extracEon	
  
–  Transfer	
  funcEon	
  of	
  electronics	
  smears	
  
out	
  signal,	
  snapshot	
  taken	
  at	
  ~600	
  ps	
  
•  ProblemaEc	
  with	
  heavy	
  trapping	
  
•  Electrons	
  with	
  vsat	
  hit	
  electrode	
  in	
  500	
  ps	
  	
  

– Mobility	
  depends	
  on	
  E	
  
•  v	
  saturates	
  for	
  E	
  >>	
  1V/μm	
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Figure 2. (a) Induced current pulses in a non-irradiated detector after generation of free carriers at y = 50
µm. The initial rise is due to drift of electrons and the long tail due holes. The dashed vertical line denotes
the interval used for determining the velocity profile. (b) Velocity profiles at different bias voltages.
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Figure 3. Velocity profiles at different bias voltages for irradiated detector at different fluence steps: (a)
1 ·1015 cm�2, (b) 2 ·1015 cm�2, (c) 5 ·1015 cm�2 and (d) 1 ·1016 cm�2. The profiles shown are after 80 min
annealing at each irradiation fraction.

Apart from the high field region at the strips the drift velocity increases also at the back. Such
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Selected	
  Results	
  

•  Very	
  instrucEve	
  regarding	
  qualitaEve	
  electric	
  field	
  shape	
  
–  Non-­‐irradiated	
  “by	
  the	
  book”	
  for	
  abrupt	
  juncEon	
  n+p	
  diode	
  

•  SCR	
  and	
  ENB	
  nicely	
  separated,	
  small	
  double	
  juncEon	
  near	
  backplane	
  
–  Medium	
  fluence	
  (Φ=1015	
  neutrons):	
  some	
  surprise	
  

•  Smaller	
  space	
  charge	
  than	
  expected	
  in	
  SCR,	
  some	
  field	
  in	
  “ENB”	
  
–  Large	
  fluence	
  (Φ=1016):	
  full	
  of	
  surprises	
  

•  SEll	
  lower	
  space	
  charge,	
  sizeable	
  field	
  in	
  “ENB”	
  
•  CM	
  addiEonal	
  trouble	
  for	
  interpretaEon	
  at	
  large	
  V	
  

•  Can	
  we	
  bring	
  these	
  observaEons	
  to	
  quan:ta:ve	
  level	
  ?	
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  in	
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Figure 2. (a) Induced current pulses in a non-irradiated detector after generation of free carriers at y = 50
µm. The initial rise is due to drift of electrons and the long tail due holes. The dashed vertical line denotes
the interval used for determining the velocity profile. (b) Velocity profiles at different bias voltages.
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Figure 3. Velocity profiles at different bias voltages for irradiated detector at different fluence steps: (a)
1 ·1015 cm�2, (b) 2 ·1015 cm�2, (c) 5 ·1015 cm�2 and (d) 1 ·1016 cm�2. The profiles shown are after 80 min
annealing at each irradiation fraction.

Apart from the high field region at the strips the drift velocity increases also at the back. Such
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E=0	
   Small	
  E?	
   Sizeable	
  E??	
  

“double	
  
juncEon”	
  

•  Hamamatsu	
  n+	
  strip	
  (mini-­‐)sensors,	
  FZ	
  p-­‐type,	
  irradiated	
  with	
  neutrons	
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Field	
  Modeling:	
  Field	
  Value	
  

•  Invert	
  to	
  get	
  E(y)	
  ?	
  Caveat:	
  
–  μ=μ(E),	
  need	
  scale	
  of	
  E	
  to	
  invert	
  

•  Scale	
  from	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ?	
  Not	
  really:	
  
–  Poorly	
  known	
  large	
  field	
  at	
  electrode	
  
contributes	
  sizably	
  to	
  the	
  integral	
  

•  Measured	
  “I(t)”	
  is	
  in	
  fact	
  a	
  convoluEon	
  
of	
  the	
  induced	
  signal	
  with	
  electronics	
  
transfer	
  funcEon	
  H(t)	
  	
  

•  Further	
  I(t)	
  plagued	
  by	
  
–  Inhomogeneity	
  of	
  E(y)	
  close	
  to	
  y	
  
–  Trapping	
  reducing	
  I(t)	
  	
  
–  Charge	
  mulEplicaEon	
  boosEng	
  I(t)	
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I(t ≈ 600ps, y)∝ ve + vh = (µe +µh ) ⋅E(y) electrons	
  
holes	
  

E(y)dy∫ =V

I(t)∝ (µe +µh ) ⋅E(y(t ')
0

t

∫ )H (t − t ')dt '



Case	
  We	
  Know:	
  Non-­‐Irradiated	
  	
  

•  Assume	
  abrupt	
  juncEon,	
  
constant	
  SC	
  

•  No	
  trapping,	
  no	
  CM	
  
•  At	
  500	
  V	
  
–  180	
  V	
  (FDV)	
  to	
  linear	
  E	
  
–  320	
  V	
  to	
  constant	
  E	
  
–  E	
  =	
  (1.1	
  +	
  1.2×(w-­‐y))	
  V/μm	
  
–  2.1	
  V/μm	
  @	
  y=50	
  μm	
  

•  In	
  vsum(y):	
  1.62(a.u.)	
  
translates	
  to	
  131	
  μm/ns	
  

•  Can	
  invert	
  E(vsum)	
  
RD-­‐50,	
  CERN,	
  Nov	
  21,	
  2014	
   Marko	
  Mikuž:	
  E&μ	
  in	
  irrad.	
  Si	
   8	
  

It	
  works	
  !	
  



Can	
  We	
  Scale	
  to	
  Irradiated	
  Si	
  ?	
  

•  Keep	
  scale	
  for	
  vsum	
  
•  Trivial:	
  use	
  v(E)	
  for	
  -­‐20°C	
  instead	
  of	
  

20°C	
  
–  big	
  effect	
  at	
  high	
  vsum	
  

•  Not	
  so	
  obvious:	
  assume	
  to	
  keep	
  
same	
  laser	
  input	
  
–  expect	
  ~10%,	
  in	
  fact	
  looks	
  even	
  be�er	
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T=-­‐20°C	
   T=20°C	
  

plot	
  max	
  

150	
  μm/ns	
  
2.3	
  V/μm	
  

1E15	
   2E15	
  



Trapping	
  

•  Naïve	
  trapping	
  –	
  reduce	
  I(t)	
  by	
  e-­‐t/τ	
  
–  Independent	
  of	
  E,	
  so	
  vsum	
  just	
  scaled	
  up	
  
–  But	
  τ	
  <<	
  t	
  at	
  1016	
  -­‐	
  no	
  signal	
  ??	
  	
  

•  Have	
  to	
  invoke	
  transfer	
  funcEon	
  H(t)	
  
–  Reproduce	
  I(t)	
  for	
  non-­‐irradiated	
  
– Model	
  as	
  CR-­‐RC4	
  with	
  tsh	
  =	
  0.8	
  ns	
  

•  Trapping	
  correcEon	
  with	
  H(t)	
  
•  CorrecEon	
  calculated	
  for	
  nominal	
  
trapping	
  Emes	
  τe	
  =	
  τh	
  =1/βΦ	
  with	
  
β=4×10-­‐16	
  cm-­‐2s-­‐1	
  

•  vsum	
  scale	
  boosted	
  by	
  +10%	
  -­‐>	
  ×2	
  
–  For	
  1016	
  scale	
  exceeds	
  physical	
  limit	
  !	
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Ctrap(t) = e−t '/τH (t − t ')dt '
0

t

∫

Nominal	
  trapping	
  
range	
  

ç1016 1015è	
  

1/Ctrap	
  

H(t)	
  



Charge	
  MulEplicaEon	
  

•  At	
  5x1015	
  and	
  1016	
  no	
  clear	
  saturaEon	
  in	
  vsum	
  observed	
  
•  Taking	
  nominal	
  trapping	
  correcEon	
  both	
  vsum	
  exceed	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

vsum,sat	
  =	
  190	
  μm/ns	
  (2.35	
  a.u.×Ctrap)	
  
•  Clear	
  sign	
  of	
  charge	
  mulEplicaEon	
  close	
  to	
  electrode	
  
•  Difficult	
  to	
  model,	
  so	
  give	
  up	
  modeling	
  this	
  region	
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Fresh	
  from	
  the	
  Oven	
  

•  Recently	
  added	
  5x1016	
  and	
  1017	
  neq/cm2	
  
measurements	
  of	
  the	
  same	
  detector	
  
–  1016	
  of	
  this	
  fluence	
  fully	
  annealed,	
  the	
  
rest	
  80	
  min	
  @	
  60°C	
  

•  PersisEng	
  problem	
  –	
  signal	
  oscillaEons	
  
–  period	
  ~5/4	
  ns	
  	
  
–  LC	
  ?	
  signal	
  generaEon	
  ?	
  amplifier	
  ?	
  	
  

•  Nevertheless,	
  velocity	
  (slope)	
  and	
  
charge	
  (integral)	
  yield	
  consistent	
  results	
  
–  should	
  be,	
  as	
  Q	
  ≈	
  Q0/d	
  vsumτeff	
  	
  

•  Cannot	
  use	
  I(t)	
  to	
  measure	
  trapping...	
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1017	
  velocity	
  
profile	
  

Signal	
  I(t)	
  

1017	
  charge	
  
profile	
  



Field	
  Value	
  Revisited	
  

•  Had	
  to	
  tune	
  up	
  laser	
  power	
  for	
  
measurements	
  	
  
–  lost	
  velocity	
  normalizaEon	
  

•  SoluEon:	
  concurrent	
  forward	
  bias	
  
vsum	
  measurements	
  
–  clean	
  ohmic	
  behaviour	
  with	
  some	
  
linear	
  field	
  dependence	
  	
  
•  constant	
  (posiEve)	
  space	
  charge	
  

–  can	
  use	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  to	
  pin	
  down	
  field	
  
scale	
  
•  correcEons	
  from	
  v(E)	
  non-­‐linearity	
  small	
  	
  

–  Use	
  same	
  scale	
  for	
  reverse	
  bias	
  
•  FW	
  measurements	
  up	
  to	
  700	
  V	
  	
  

–  know	
  E	
  scale	
  up	
  to	
  2.33	
  V/μm	
  
–  can	
  	
  reveal	
  v(E)	
  dependence	
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E(y)dy∫ = Ed =V

1	
  V/μm	
  

2	
  V/μm	
  

Forward	
  

2	
  V/μm	
  
1	
  V/μm	
  

Reverse	
  



Mobility	
  ConsideraEons	
  

•  Can	
  extract	
  v(E)	
  up	
  to	
  a	
  scale	
  
factor	
  

•  Observe	
  less	
  saturaEon	
  than	
  
predicted	
  

•  Model	
  with	
  	
  
–  keep	
  saturaEon	
  velocity	
  sum	
  at	
  
vsum,sat	
  =	
  190	
  μm/ns	
  	
  

–  float	
  zero	
  field	
  mobility	
  sum	
  
–  fit	
  v(E)	
  for	
  5,	
  10,	
  50,	
  100x1015	
  

•  n.b.	
  FW	
  profiles	
  worse	
  for	
  lower	
  
fluences,	
  but	
  departures	
  from	
  average	
  
field	
  sEll	
  small	
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Mobility	
  Results	
  

•  Data	
  follow	
  the	
  model	
  
perfectly	
  
–  although	
  E	
  range	
  limited,	
  
vsum,max	
  sEll	
  >	
  1/3	
  of	
  vsum,sat	
  

•  Monotonic	
  decrease	
  of	
  
zero	
  field	
  mobility	
  with	
  
fluence	
  observed	
  
–  factor	
  of	
  6	
  at	
  1017	
  neq/cm2	
  

– need	
  6x	
  higher	
  E	
  to	
  
saturate	
  v	
  !	
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Φ	
   μ0,sum	
  

[1015	
  neq/cm2]	
   [cm2/Vs]	
  

non-­‐irr	
  (model)	
   2680	
  

5	
   1710	
  

10	
   1300	
  

50	
   590	
  

100	
   430	
  

T=
-­‐2
0°
C	
  



Current	
  CharacterisEcs	
  

•  Smooth	
  behaviour	
  in	
  
both	
  direcEons	
  
– Highly	
  resisEve	
  Si	
  limits	
  
FW	
  injecEon	
  

•  Reverse	
  current	
  smaller	
  
than	
  predicted	
  by	
  an	
  
order	
  of	
  magnitude	
  

•  Both	
  currents	
  rising	
  with	
  
bias	
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Reverse	
  Bias	
  Field	
  Profile	
  

•  Two	
  disEnct	
  regions	
  at	
  high	
  
biases	
  
–  Large	
  region	
  from	
  backplane	
  
with	
  (small)	
  slope	
  in	
  the	
  field	
  
•  constant	
  (small,	
  negaEve)	
  space-­‐
charge	
  

•  E	
  =	
  j.ρ	
  at	
  juncEon	
  ?	
  like	
  “ENB”	
  ?	
  
•  indicaEon	
  of	
  thermal	
  
(quasi)equilibrium:	
  np	
  =	
  ni2	
  ?	
  	
  

•  thus	
  no	
  current	
  generaEon	
  ?	
  
–  Small	
  region	
  at	
  juncEon	
  building	
  
up	
  with	
  bias	
  
•  depleted	
  space-­‐charge	
  region	
  ?	
  
•  source	
  of	
  generaEon	
  current	
  ?	
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2	
  V/μm	
  
1	
  V/μm	
  

Φ	
  =	
  5e16	
  
Bias:	
  300-­‐1100	
  V	
  

DepleEon	
  ?	
  

DepleEon	
  ?	
  



SCR	
  Consistency	
  

•  Hard	
  to	
  esEmate	
  SCR	
  extent,	
  
especially	
  at	
  lower	
  bias	
  and	
  
highest	
  fluence	
  	
  

•  A	
  crude	
  esEmate	
  
–  5x1016	
  neq/cm2	
  :	
  	
  
~80	
  μm	
  @	
  600	
  V;	
  ~120	
  μm	
  @	
  1000	
  V	
  
–  1017	
  neq/cm2	
  :	
  	
  
~60	
  μm	
  @	
  600	
  V;	
  ~80	
  μm	
  @	
  1000	
  V	
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•  Predicted/measured	
  currents	
  
–  5x1016	
  neq/cm2:	
  300/300	
  μA	
  @	
  600	
  V;	
  400/500	
  μA	
  @	
  1000	
  V	
  
–  1017	
  neq/cm2:	
  400/300	
  μA	
  @	
  600	
  V;	
  500/600	
  μA	
  @	
  1000	
  V	
  

•  Reasonable	
  agreement	
  with	
  current	
  generated	
  exclusively	
  in	
  SCR	
  
–  n.b.	
  -­‐	
  current	
  “saturaEon”	
  observed	
  @1000V	
  in	
  JINST	
  8	
  P08004	
  (2013)	
  

•  Acceptor	
  introducEon	
  rates:	
  gc	
  ≈	
  6/4x10-­‐4	
  cm-­‐1	
  

–  substanEal	
  part	
  (up	
  to	
  80	
  %)	
  of	
  voltage	
  drop	
  “spent”	
  in	
  “ENB”	
  

1e17	
  neq/cm2	
  	
  

60/80	
  μm	
  



“ENB”	
  Consistency	
  

•  Space	
  charge	
  in	
  “ENB”	
  rising	
  with	
  
bias,	
  e.g.	
  for	
  1017	
  neq/cm2	
  	
  
–  1.6x1011@	
  100	
  V,	
  9.2x1011cm-­‐3	
  @	
  500V	
  
–  c.f.	
  ~4x1013cm-­‐3	
  	
  in	
  SCR	
  
–  negaEve	
  space	
  charge,	
  like	
  in	
  SCR	
  

•  ResisEvity	
  from	
  ρ	
  =	
  j/E	
  @	
  100	
  V	
  	
  
–  maximum	
  ρ(p)	
  ≈	
  2.8x107	
  Ωcm	
  using	
  
nominal	
  mobiliEes	
  @	
  p	
  ~	
  2x108	
  cm-­‐3	
  
•  all	
  measured	
  values	
  exceed	
  this	
  limit	
  

–  compaEble	
  with	
  measured	
  mobility	
  
sum	
  and	
  p~O (109)	
  cm-­‐3	
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ρ(p)	
  

Φ	
   ρ	
   p	
  

[neq/cm2]	
   [107	
  Ωcm]	
   [109	
  cm-­‐3]	
  

1e16	
   3.3	
   0.5	
  

5e16	
   3.0	
   1.5	
  

1e17	
   2.8	
   2.1	
  

1e17	
  

50	
  μm	
   250	
  μm	
  



Summary	
  

•  Electric	
  field	
  profiling	
  performed	
  for	
  Si	
  detectors	
  
irradiated	
  with	
  neutrons	
  from	
  1015	
  to	
  1017	
  neq/cm2	
  

•  Mobility	
  changes	
  observed	
  and	
  interpreted	
  as	
  
reducEon	
  of	
  zero	
  field	
  mobility	
  with	
  fluence	
  	
  	
  

•  SimplisEc	
  Si	
  detector	
  picture	
  with	
  a	
  SCR	
  and	
  “ENB”	
  
yields	
  consistent	
  results	
  
–  significant	
  reducEon	
  of	
  gc	
  in	
  SCR	
  
–  reduced	
  Ileak	
  generated	
  in	
  SCR	
  
–  electric	
  field	
  O(1	
  V/μm)	
  in	
  “ENB”	
  mainly	
  due	
  to	
  current	
  
transport	
  from	
  SCR	
  through	
  high	
  resisEvity	
  Si	
  

•  To	
  do:	
  charged	
  hadrons	
  ?	
  (reduced)	
  trapping	
  ?	
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Signal	
  Modeling	
  

•  Method:	
  extract	
  trapping	
  from	
  I(t)	
  
quenching	
  by	
  trapping	
  

•  Modeling	
  in	
  MathemaEca	
  
–  Input:	
  shaping	
  CR-­‐RC4,	
  tsh	
  =	
  0.8	
  ns,	
  nominal	
  

trapping,	
  reduced	
  trapping	
  by	
  ×2,	
  3	
  
–  v(E),	
  E	
  =	
  0.05	
  V/μm	
  irrelevant	
  for	
  I(t)	
  	
  shape	
  
–  Calculate	
  I(t),	
  convolute	
  with	
  shaping	
  H(t)	
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H(t)	
  

induced	
  signal	
  

τ	
  ×	
  3	
  
τ	
  ×	
  2	
  

nominal	
  τ	
  
	
  



Reality	
  

•  Measured	
  I(t)	
  in	
  E-­‐TCT	
  1016	
  @	
  100	
  V	
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•  Not	
  really	
  what	
  we	
  
hoped	
  for	
  

•  Oscillatory	
  behaviour	
  
with	
  period	
  5/4	
  ns	
  

•  Remarkable:	
  same	
  
form	
  in	
  ENB	
  and	
  SCR	
  

y	
  =	
  	
  	
  25	
  μm	
  	
  SCR	
  
y	
  =	
  100	
  μm	
  	
  ENB	
  
y	
  =	
  180	
  μm	
  	
  ENB	
  
y	
  =	
  275	
  μm	
  	
  SCRBP	
  
	
  



Fudge	
  

•  Put	
  oscillaEons	
  with	
  
observed	
  frequency	
  on	
  
top	
  of	
  induced	
  signal,	
  
damped	
  solely	
  by	
  
trapping	
  
–  ReflecEons	
  close	
  to	
  
detector	
  induce	
  
oscillaEons	
  before	
  actual	
  
H(t)	
  ?!	
  

–  Don’t	
  ask	
  about	
  
underlying	
  physics	
  
details…	
  	
  	
  

•  Then	
  convolute	
  with	
  H(t)	
  

RD-­‐50,	
  CERN,	
  Nov	
  21,	
  2014	
   Marko	
  Mikuž:	
  E&μ	
  in	
  irrad.	
  Si	
   23	
  

τ	
  ×	
  3	
  
τ	
  ×	
  2	
  

nominal	
  τ	
  
	
  



Fudged	
  Signal	
  Facing	
  Reality	
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•  Compare	
  with	
  τ	
  =	
  2,	
  3,	
  
4	
  x	
  nominal	
  
– Nominal	
  τ	
  ruled	
  out	
  
anyway	
  

ü Good	
  agreement	
  
ü 3x	
  longer	
  τ	
  looks	
  like	
  a	
  
clear	
  winner	
  
– Definitely	
  not	
  2	
  or	
  4	
  
–  Implies	
  ~20%	
  trapping	
  
correcEon	
  to	
  vsum	
  

y	
  =	
  100	
  μm	
  
y	
  =	
  180	
  μm	
  

τ	
  ×	
  2	
  
τ	
  ×	
  3	
  
τ	
  ×	
  4	
  

	
  

1016	
  neq/cm2,	
  	
  100	
  V	
  



Backup	
  Slides	
  

RD-­‐50,	
  CERN,	
  Nov	
  21,	
  2014	
   Marko	
  Mikuž:	
  E&μ	
  in	
  irrad.	
  Si	
   25	
  



How	
  far	
  can	
  we	
  go	
  with	
  Si?	
  

•  Special	
  run	
  of	
  “spaghe�”	
  diodes	
  to	
  address	
  this	
  
–  All	
  strips	
  connected	
  to	
  one	
  readout	
  
–  Strip	
  electric	
  field,	
  equal	
  weighEng	
  field	
  (~pad)	
  
–  Different	
  implants	
  (double	
  diffusion,	
  energy)	
  

•  Irradiated	
  with	
  reactor	
  neutrons	
  in	
  steps	
  
–  3,	
  10x1015	
  –>	
  5	
  samples	
  annealed	
  
–  2,	
  4,	
  8x1016,	
  1.6x1017	
  neq/cm2	
  –	
  6	
  standard	
  samples	
  

•  I(V),	
  QMP(V)	
  	
  and	
  noise	
  on	
  90Sr	
  set-­‐up	
  at	
  -­‐25°C	
  
–  Trigger	
  purity	
  allows	
  measurements	
  at	
  low	
  S/N	
  

Published	
  in	
  :	
  G.	
  Kramberger	
  et	
  al.,	
  JINST	
  8	
  P08004	
  (2013).	
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Table 1. The samples investigated in the work. The list of samples together with implantation process,
thickness and initial full depletion voltage is given.

wafers 2488-7 2885-5 2935-10 2912-2, 3 2551-4
2935-2,3,4,5,7,9

type spaghetti spaghetti,thin spaghetti spaghetti pad detector
process standard standard, double energy double diffusion standard

thickness 300 µm 150 µm 300 µm 300 µm 300 µm
Vf d ⇡ 90 V ⇡ 30 V ⇡ 90 V ⇡ 90 V ⇡ 50 V

enhances impact ionization. This has been recently observed also in position resolved TCT mea-
surements [18]. Implant width and pitch are important parameters as proven in [19, 20], but also
the implant shape may play a role. Its impact, although in a limited range, on charge collection was
investigated in this paper.

Recent measurements of the charge collection revealed also that it could be enhanced by re-
verse annealing [21, 22]. One of the aims of this work is to check whether different implantations
and detector thicknesses influence annealing behavior. Finally the paper addresses also the range of
irradiation tolerated by silicon detectors. For that reason the detectors were irradiated with reactor
neutrons up to 1 MeV n equivalent fluences (Feq) of 1.6 ·1017 cm�2. These levels exceed by far the
required radiation levels for particle tracking at HL-LHC, but are in the range of levels to which
forward calorimeters will be exposed.

2 Samples and techniques

All investigated samples were produced by Micron1 on standard p-type float-zone silicon wafers.
The active area of the samples was 4⇥ 4 mm2. Strips were implemented on the n+ side with all
of them connected together at one side of the detector (see figure 1a). The aluminium strips (pitch
80 µm) were DC coupled to the n+ implant (20 µm wide) without any overhang. Apart from
the standard Micron process two modifications in the implantation process were tested separately:
the energy of phosphorous ions was doubled to 300 keV and the diffusion time at 1000�C was
doubled. In the former case the phosphorous ions were doubly charged (P++) so the implantation
depth was in fact shallower than in the standard process (150 keV with P+). Most of detectors were
of the standard thickness, 300 µm, apart from a single wafer of 150 µm. Several conventional pad
detectors (diodes) of same geometry were used as reference. The complete list of samples is given
in table 1. The samples were irradiated with neutrons up to the fluence of 1.6 · 1017 cm2 at Jozef
Stefan Institute’s research reactor [23]. Most irradiations were made in steps with 80 min annealing
at 60�C in-between. The annealing time corresponds roughly to the annual period of ⇡ 20 days
during which the silicon detectors used in LHC are kept at close to room temperature [2]. For rest
of the year detectors at LHC are at T < 0�C where annealing processes are effectively slowed down.

The consecutive irradiation steps lead to cumulative fluences of Feq = 3,10,20,40,80,160 ·
1015 cm�2. Several samples were irradiated to fixed fluences for two reasons: comparison with

1Micron Semiconductor Ltd., 1 Royal Buildings, Marlborough Road, Lancing Business Park, Lancing Sussex, BN15
8SJ, England
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(a) (b)

Figure 1. (a) Photo of the spaghetti diode. The implants are metalized over the whole length and connected
at one side. (b) Setup used for measuring signals from 90Sr electrons in silicon detectors.

irradiations in steps and comparison with pad and strip detectors. Dedicated long term annealing
at 60�C was performed on a selected subset of samples after receiving the accumulated fluence of
1016 cm�2. All the samples were irradiated together so that the systematic error on fluence, which
would influence relative comparison, vanishes.

After each fluence or/and annealing step charge collection measurements were performed with
the experimental setup shown in figure 1b. Electrons from 90Sr traverse the detectors mounted in
special housings with two collimator openings of 2 mm diameter. The housings were mounted
on a thick aluminium plate with a hole matching the collimator. Underneath the plate there is a
scintillator connected to a photo-multiplier tube. The samples were cooled down to -25�C with a
Peltier element. The implant side of the detector is wire-bonded to the preamplifier (Ortec 142A)
connected to a custom made 25 ns shaping amplifier and its output sampled in the oscilloscope.
The oscilloscope is triggered by the photo-multiplier and complete waveforms are recorded and
analyzed offline. In more than 97% of events triggered by the photo-multiplier, the electron crossed
the detector enabling measurements also at low signal-to-noise ratios.

3 Charge collection dependence on fluence

The charge collection of non-irradiated samples is shown in figure 2a. The energy loss spectrum in
the detector was fitted with convolution of Landau-Gauss function and the most probable value of
signal (MPV) was taken as the measure of collected charge. The collected charge saturates around
the full depletion voltage. The saturated charge, however, varies about 10% (peak-peak) between
different samples as can be seen in Fig 2a. The reproducibility of individual measurements was
better than 5%, therefore the reason for the spread is not clear. The system was not optimized
for noise performance, which in the case of non-irradiated detectors was completely dominated
by series (voltage) noise of ENCs ⇡ 2000 e as can be seen in figure 2b. The dependence of noise
on voltage reflects the change in capacitance. It reaches minimum at Vf d and the 150 µm thick
detector exhibits larger noise beyond Vf d than the 300 µm thick.

– 3 –
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Silicon	
  is	
  sEll	
  alive!	
  

•  Up	
  to	
  1.6x1017	
  neq/cm2,	
  steps	
  1,	
  2,	
  4,	
  8x1016	
  
– Annealing	
  80	
  mins	
  @	
  60°C	
  between	
  steps	
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Linear	
  	
  QMP(V)	
  persists	
  
throughout	
  the	
  enEre	
  

fluence	
  range	
  !	
  
QMP (Φ,V ) =  k ⋅ (Φ 1015

neq cm2 )b ⋅V

k = 26.4 e0 /V
b = −0.683



How	
  to	
  explain	
  the	
  signal	
  ?	
  

•  Extensive	
  efforts	
  have	
  been	
  going	
  on	
  to	
  model	
  
irradiated	
  silicon	
  from	
  “first	
  principles”	
  
–  Trap	
  parameters	
  -­‐>	
  models	
  (semi-­‐analyEc,	
  TCAD)	
  

•  The	
  problem,	
  nicely	
  formulated	
  by	
  Michael	
  Moll	
  
“There	
  is	
  no	
  shortage	
  of	
  traps	
  in	
  irradiated	
  silicon…”	
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I(t) = q ⋅ v

⋅E

w =

= q ⋅µ(E) ⋅E

⋅E

w

•  Signal	
  governed	
  by	
  Ramo	
  
theorem	
  
–  Ew	
  depends	
  solely	
  on	
  geometry,	
  
can	
  be	
  calculated	
  

–  E	
  problemaEc	
  for	
  modeling	
  
•  Can	
  we	
  measure	
  it	
  ?	
  

1E15	
  



ENB	
  Result	
  ImplicaEons	
  

•  ENB	
  not	
  contribuEng	
  to	
  Ileak	
  
–  Significant	
  Ileak	
  reducEon	
  
–  Observed	
  in	
  1017	
  exercise	
  

Ø Very	
  important	
  for	
  detector	
  
operaEon	
  (noise,	
  power)	
  !	
  

•  Trapping	
  would	
  require	
  vsum	
  -­‐>	
  E	
  
larger	
  by	
  ~2	
  
–  Significant	
  trapping	
  reducEon	
  
required	
  

–  Hints	
  presented	
  by	
  RD50	
  
•  Can	
  we	
  measure	
  trapping	
  
directly	
  ?	
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@	
  1000	
  V	
  I/V	
  =	
  αΦ	
  

CM	
  

recombinaEon	
  ?	
  	
  
SCR	
  reducEon	
  !	
  

T.	
  Poulsen	
  (24th	
  RD50,	
  Bucharest)	
  

G.K.	
  et	
  al.,	
  JINST	
  8	
  P08004	
  (2013)	
  



Conclusions	
  

•  We	
  irradiated	
  Si	
  with	
  neutrons	
  up	
  to	
  1.6x1017	
  neq/cm2	
  
and	
  provide	
  a	
  “magic”	
  formula	
  for	
  Q(V)	
  above	
  1015	
  neq/
cm2	
  

•  Based	
  on	
  E-­‐TCT,	
  we	
  present	
  a	
  simple	
  model	
  for	
  neutron	
  
irradiated	
  silicon	
  detector	
  with	
  3	
  disEnct	
  regions	
  

•  We	
  observe	
  
–  Reduced	
  acceptor	
  introducEon	
  in	
  SCR	
  
–  No	
  current	
  generaEon	
  in	
  ENB	
  
–  Reduced	
  trapping	
  by	
  factor	
  of	
  ~3	
  at	
  1016	
  neq/cm2	
  

•  All	
  this	
  is	
  highly	
  beneficial	
  for	
  Si	
  operaEon	
  at	
  HL_LHC	
  
•  But…	
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To-­‐Do	
  List	
  

Ø Produce	
  E(y)	
  plots	
  
Ø Solidify	
  trapping	
  Eme	
  extracEon	
  
–  Get	
  rid	
  of	
  oscillaEons	
  ?	
  

•  Had	
  it	
  much	
  be�er	
  in	
  2009…	
  
–  Be�er	
  modeling	
  ?	
  

•  S(ω)	
  for	
  reflecEons	
  ?	
  
Ø Get	
  E-­‐TCT	
  up	
  to	
  1017	
  neq/cm2	
  	
  
–  Does	
  the	
  model	
  survive	
  ?	
  

•  Field	
  model	
  applies	
  to	
  neutrons	
  only	
  
–  Pion-­‐induced	
  field	
  completely	
  different:	
  
~parabolic	
  E	
  

Ø Conduct	
  PS	
  proton	
  campaign	
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where the equivalent fluence is similar, shows a more uniform profile for the mixed irradiated sam-
ple. This can be seen even clearly for the sample irradiated to Feq = 2.6 ·1015 cm�2 shown in Fig.
8d, which significantly differs from the neutron only irradiated sample irradiated to Feq = 2 ·1015

cm�2. The drift velocity is substantial in larger part of the detector for the former. Although the
velocity profile is relatively symmetrical the electric field profile is less symmetrical, due to satura-
tion of the velocity at high electric fields. The difference between the drift velocity at the back and
front is only around 50% at 500 V, but is roughly a factor of 4 in electric field strength. Even if at
1000 V the drift velocity in the whole bulk is comparable the electric field is still strongest at the
strips.
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Figure 8. Velocity profiles of irradiated samples with pions to (a) Feq = 4.6 · 1014 cm�2 and (b) Feq =
1.6 ·1015 cm�2. (c) shows the same as (a) after additional neutron fluence of Feq = 5 ·1014 cm�2, (d) shows
the same as (b) after additional neutron fluence of Feq = 1 ·1015 cm�2 .

6. Conclusions

A silicon micro-strip n-on-p type sensor was irradiated with neutrons to fluences up to Feq = 1 ·1016

cm�2. Edge-TCT was used to extract the velocity profiles. The velocity profiles show the existence
of two regions with opposite sign of the space charge and neutral bulk in between. The electric field
was parametrized by a simple model assuming constant effective space charge at the junction and
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1.6e15	
  π	
  

Oxygen	
  helps	
  
for	
  charged	
  
hadrons…	
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Fig. 1. Schematic view of the experimental setup.

TCT measurements, the laser beam was directed to the edge
of detector (beam parallel to surface and perpendicular to the
strips) and thus generated e-h pairs at known depth ( -axis) as
sketched in Fig. 1. The illuminated edges of the detectors were
polished to a sub-micron flatness to avoid the refraction at dif-
ferent angles. The beam diameter at the position of the strip was
only m, changing by less then 20% in the five
consecutive strips ( -axis). The position of the beam can be con-
trolled over the entire detector thickness with sub-micron reso-
lution by the means of three Newport M-ILS100PP translator
stages (tables) that form a full 3D translation system. The in-
duced currents, averaged over 400 laser pulses, were measured
at different bias voltages at each space point.

III. EDGE-TCT TECHNIQUE

In the conventional Transient Current Technique [15]–[17]
extraction of the velocity profile and electric field is based on
the measurement of the time evolution of the induced current
pulse. If the detector surface is illuminated by visible light of
a short penetration length the induced current is a consequence
of a single carrier type drift (n -side holes; p -side electrons).
The induced current can be expressed as

(1)

where is elementary charge, is the number of created
e-h pairs, is the amplifier amplification, [18], [19] are
effective trapping times, is the drift velocity and the

Fig. 2. Induced current pulse shapes for different depths in: (a) non-irradiated
detector at C, V, (b) detector irradiated at
cm at C, V. Note that time scales are different in (a)
and (b) and that the currents of opposite polarity for m in (b) are
a consequence of reflections due to the imperfect impedance matching between
the detector and bias-T which becomes more prominent at higher frequencies.

weighting field [20]. For simple pad detectors (
is detector thickness) and the term is simply . In
order to extract the velocity from the (1) the measured current
should be corrected for the trapping term. At high fluences the
trapping times of electrons and holes become of ns order. To
extract carrier drift velocity from signals few ns after the laser
pulse the signals must be multiplied by a large trapping correc-
tion factor and a reliable determination of the velocity becomes
difficult. The determination of the velocity profile requires an
additional step of converting the time into the position (depth)
within the detector, which is difficult if the detector is not fully
depleted.

If the light with long penetration depth (IR) is injected from
the edge electron hole pairs are created at certain depth below
the strips in the detector and both electrons and holes contribute
to the induced current according to the (1). Fig. 2(a) shows the
induced current waveforms for different injection depths in
the non-irradiated detector. The contribution of electrons and
holes can be clearly separated. At small (close to the active
strips) the peak at the beginning of the signal is a superposition
of currents induced by the drift of electrons and holes in the
high electric field close to the strip. As the beam travels from

TNS57(2010)2294	
  



Silicon	
  –	
  material	
  of	
  choice	
  

•  For	
  LHC,	
  iniEally	
  very	
  li�le	
  Si	
  was	
  
envisaged	
  for	
  tracking	
  
–  2/3	
  layers	
  in	
  barrel	
  only	
  for	
  ATLAS	
  LOI	
  
–  Majority	
  MSGC,	
  some	
  GaAs,	
  diamond	
  
–  RadiaEon	
  hardness,	
  price	
  

•  During	
  project	
  execuEon	
  Si	
  remained	
  the	
  
only	
  tracking	
  sensor	
  
–  Except	
  TRT	
  in	
  outer	
  ATLAS	
  tracking	
  

•  SEll	
  ~70	
  m2	
  of	
  Si	
  
–  CMS	
  all-­‐Si	
  with	
  ~200	
  m2	
  of	
  acEve	
  sensors	
  

•  These	
  trackers	
  perform	
  extremely	
  well	
  
at	
  LHC	
  

•  Can	
  performance	
  be	
  extended	
  by	
  an	
  
order	
  of	
  magnitude	
  in	
  radiaEon	
  fluence	
  ?	
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ATLAS	
  LOI	
  

CMS	
  Tracker	
  


