
N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

LHC: Upgrades and
Future Perspectives

Markus Elsing
ECFA Linear Collider Workshop, DESY, 27-31.5.2013 
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Why	
  the	
  1017	
  Ballpark	
  ?	
  

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

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

•  HL-­‐LHC	
  in	
  advanced	
  planning	
  
–  3000	
  _-­‐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	
  ;-­‐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.

1 MeV neutron equivalent fluence
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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	
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   3000	
  ;-­‐1	
  

Muon Tagger Location 

9-Apr-2014 Forward Muon Improvements 

=4.5 

5 cm gap at z ~ 6.75 m 
= 4.5  r = 15 cm 
= 2.5  r = 110 cm   4 



Tracking	
  sensors	
  

•  Convert	
  charged	
  par:cle	
  ioniza:on	
  into	
  
measurable	
  electrical	
  signal	
  

•  Sensor	
  segmenta:on	
  provides	
  posi:on	
  info	
  
–  2-­‐D:	
  strips,	
  3-­‐D:	
  pixels	
  
–  Resolu:on	
  d/√(12)	
  (binary)	
  or	
  beker	
  (analogue	
  -­‐	
  

charge	
  division)	
  	
  
•  Tracking:	
  many	
  layers,	
  keep	
  occupancy	
  <	
  1	
  %	
  
•  Considera:ons	
  

–  Signal	
  to	
  (electronics)	
  noise,	
  threshold	
  
•  Radia:on	
  hardness	
  

–  Manufacturability	
  
•  Large	
  scale	
  produc:on	
  

–  Engineering	
  (electrical,	
  thermal,	
  mechanical)	
  
•  Material	
  budget	
  

–  Price	
  
•  Paradigm	
  might	
  change	
  for	
  FCAL	
  

–  Jet	
  reco:	
  mul:ple	
  hits/segment,	
  no	
  real	
  tracking...	
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How	
  far	
  can	
  we	
  go	
  with	
  Si?	
  

•  Special	
  run	
  of	
  “spaghep”	
  diodes	
  to	
  address	
  this	
  
–  All	
  strips	
  connected	
  to	
  one	
  readout	
  
–  Strip	
  electric	
  field,	
  equal	
  weigh:ng	
  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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  strips	
  



Silicon	
  is	
  s:ll	
  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	
  en:re	
  

fluence	
  range	
  !	
  



The	
  Magic	
  Formula	
  

•  Linear	
  rela:onship	
  QMP	
  (V)	
  
– Same	
  slope	
  in	
  log(QMP)	
  vs.	
  
log(Φ)	
  for	
  any	
  V	
  

– Magic	
  formula	
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Figure 5. Charge collected at different voltages averaged over all detectors as a function of fluence. Solid
lines represents the fit of eq. (3.1) to the data for 300 µm thick detectors.

translates to current variation of the entire detector of 15%. The measurements for different samples
are comparable pointing to either equal or negligible guard current contribution.

After heavy irradiation and high bias voltage applied (i.e. 1000 V) the electric field exists in
the whole detector volume [14], therefore the entire volume contributes to the thermally generated
current. At high voltages and fluences of interest for HL-LHC the measured current was much
larger than expected from the leakage current damage constant a [25] even if considering full
detector volume. This is attributed to charge multiplication of thermally generated carriers and
is confirmed by the shape of the current-voltage characteristics. The current does not saturate at
high voltages, but exhibits a linear rise with voltage. The comparison of the leakage current at
different fluences and bias voltage of 1000 V, maximum envisaged voltage at HL-LHC, is shown
in figure 6b. The leakage current for the initial three fluence points was larger than expected for the
thermally generated current. A saturation of the leakage current can observed for the final fluence
steps, where it falls below the prediction of the thermally generated current. A possible explanation
for such an observation would be in enhanced recombination of free carriers. In order to explain
leakage current saturation the recombination lifetime should drop to less than a ns.

The increase of leakage current affects the noise performance which is shown in figure 6c.
This is in accordance with the assumption that the rise of the noise with voltage is due to shot
noise. As shown in figure 6b the measured current significantly exceeds the predicted generation
current at lower fluences, where the difference is attributed to multiplication. When the latter takes
place the shot noise increases with amplification [26–28] as

ENCMI ⇡ ENCI ·
p

F · MI , (4.1)

where ENCI denotes the shot noise due to bulk generation current without amplification and F

– 6 –

QMP (Φ,V ) =  k ⋅ (Φ 1015
neq cm2 )b ⋅V

k = 26.4 e0 /V
b = −0.683

•  “Magic”	
  –	
  no	
  underlying	
  physics…	
  in	
  fact	
  lots	
  of	
  it	
  
– Mix	
  of	
  deple:on,	
  trapping	
  and	
  charge	
  mul:plica:on	
  
	
  



Note	
  on	
  Weigh:ng	
  Field	
  

Uw	
   x	
   Δx	
  

0.0	
   0	
  

0.1	
   145	
   145	
  

0.2	
   208	
   63	
  

0.3	
   234	
   26	
  

0.4	
   247	
   14	
  

0.5	
   256	
   9	
  

0.6	
   263	
   7	
  

0.7	
   268	
   5	
  

0.8	
   272	
   4	
  

0.9	
   276	
   4	
  

1.0	
   280	
   4	
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Top	
  25%	
  yield	
  	
  
80%	
  of	
  signal,	
  
top	
  10%	
  give	
  50%	
  

•  Weigh:ng	
  field	
  sharply	
  
peaked	
  at	
  pixels	
  (3-­‐D!)	
  

•  Will	
  affect	
  signal	
  when	
  
v.τeff	
  <<	
  d	
  
–  vsatτe≈30μm	
  @1016	
  

Ø Thin	
  detectors	
  
v Inclined	
  tracks	
  
–  Skewed	
  distribu:ons	
  
–  Algorithms	
  ?	
  
ü Thin	
  =	
  binary	
  !	
  

v Non-­‐homogeneous	
  
detectors	
  ?	
  

G.	
  Kramberger,	
  D.	
  Contarato,	
  NIM	
  A560(2006)98.	
  	
  



Can	
  we	
  explain	
  the	
  signal	
  ?	
  

•  Extensive	
  efforts	
  have	
  been	
  going	
  on	
  to	
  model	
  
irradiated	
  silicon	
  from	
  “first	
  principles”	
  
–  Trap	
  parameters	
  -­‐>	
  models	
  (semi-­‐analy:c,	
  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	
  problema:c	
  for	
  modeling	
  
•  Can	
  we	
  measure	
  it	
  ?	
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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.

– 3 –

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-­‐:me	
  (TCT)	
  

–  8	
  µm	
  FWHM	
  under	
  the	
  chosen	
  strip,	
  
fast	
  (40	
  ps)	
  and	
  powerful	
  laser	
  
•  Caveat	
  –	
  injec:ng	
  charge	
  under	
  all	
  
strips	
  effec:vely	
  results	
  in	
  constant	
  
weigh:ng	
  (albeit	
  not	
  electric	
  !)	
  field	
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Beam	
  grazing	
  

Edge	
  TCT	
  



Electric	
  Field	
  Measurement	
  

•  Ini:al	
  signal	
  propor:onal	
  to	
  velocity	
  
sum	
  at	
  given	
  detector	
  depth	
  

•  Caveats	
  for	
  field	
  extrac:on	
  
–  Transfer	
  func:on	
  of	
  electronics	
  smears	
  
out	
  signal,	
  snapshot	
  taken	
  at	
  ~600	
  ps	
  
•  Problema:c	
  with	
  heavy	
  trapping	
  
•  Electrons	
  with	
  vsat	
  hit	
  electrode	
  in	
  500	
  ps	
  	
  

– Mobility	
  depends	
  on	
  E	
  
•  v	
  saturates	
  for	
  E	
  >>	
  1V/μm	
  

Niagara	
  Falls,	
  Sep	
  4,	
  2014	
   Marko	
  Mikuž:	
  Silicon...	
   11	
  

I(t = 0) = q⋅v

⋅E

w =

= Ne−he0 ⋅ (ve + vh ) d =
= Ne−he0 ⋅ (µe +µh ) ⋅E(x) d

t [ns]
0 2 4 6 8 10 12 14

I 
[a

rb
.]

0

0.2

0.4

0.6

0.8

1

=500 VbiasV

=400 VbiasV

=300 VbiasV

=200 VbiasV

=100 VbiasV

=0 VbiasV

mµy=50 

m]µy (depth) [
0 50 100 150 200 250 300 350

 [
a

rb
.]

h
+

v
e

v

0

0.5

1

1.5

2 =0 VbiasV
=50 VbiasV

=100 VbiasV
=150 VbiasV
=200 VbiasV
=250 VbiasV
=300 VbiasV
=350 VbiasV
=400 VbiasV
=450 VbiasV
=500 VbiasV

non-irradiated

(a) (b)

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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Non-­‐irradiated	
  
50	
  μm	
  from	
  strip	
  
	
  	
  

electrons	
  
holes	
  

electrons	
  
holes	
  

90%	
  vsat,e	
  @2.5V/μm	
  



Selected	
  Results	
  

•  Very	
  instruc:ve	
  regarding	
  qualita:ve	
  electric	
  field	
  shape	
  
–  Non-­‐irradiated	
  “by	
  the	
  book”	
  for	
  abrupt	
  junc:on	
  n+p	
  diode	
  

•  SCR	
  and	
  ENB	
  nicely	
  separated,	
  small	
  double	
  junc:on	
  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	
  

•  S:ll	
  lower	
  space	
  charge,	
  sizeable	
  field	
  in	
  “ENB”	
  
•  CM	
  addi:onal	
  trouble	
  for	
  interpreta:on	
  at	
  large	
  V	
  

•  Can	
  we	
  bring	
  these	
  observa:ons	
  to	
  quan:ta:ve	
  level	
  ?	
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Deple:on	
   Deple:on	
  
Deple:on	
  ?	
  

v	
  satura:on	
   v	
  satura:on	
   CM	
  !	
  

E=0	
   Small	
  E?	
   Sizeable	
  E??	
  

“double	
  
junc:on”	
  

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



Field	
  Modeling:	
  Regions	
  

•  Detectors	
  exhibit	
  three	
  dis:nct	
  regions	
  
–  Space	
  Charge	
  Region	
  at	
  main	
  junc:on,	
  nega:ve	
  SC	
  
–  SCR	
  at	
  backplane,	
  posi:ve	
  SC	
  
–  Electrically	
  Neutral	
  Bulk	
  in-­‐between	
  

•  Remember:	
  E=const	
  =>	
  no	
  space	
  charge	
  
•  Determine	
  extent	
  of	
  each	
  region	
  by	
  geometrical	
  fits	
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Figure 5. (a) The effective space charge and electric field model used in the work. (b) An example of
determination of basic parameters from the measured velocity profile after receiving 2 ·1015 cm�2, annealed
for 80 min at 60�C and biased to 500 V.

where e0 is elementary charge and e
Si

absolute permittivity of Silicon. The fit of Eq. 4.1 to the data
with N

e f f

as free parameter reveals that the agreement is good for lower fluences, while at higher
fluences y

act

is somewhat larger at low voltages than given by the fit. The fact that y

act

follows Eq.
4.1 strengthens the assumption of constant N

e f f

in the front SCR.
Fig. 6b shows y

act

at different annealing times. The evolution follows the expected behavior in
accordance with the Hamburg model [2]. Initial decrease of active acceptors results in increase of
y

act

. After around 80 min at 60�C short term annealing is completed. Increase of effective acceptors
during long term annealing occurs on much longer time scale than that in our measurements and
was neglected. This allows for determination of introduction rates of short term and stable damage
from

DN

e f f

F
eq

=
N

e f f

�N

e f f ,0

F
eq

⇡ g

c

+ g

ba

exp(�t/t
ba

) , (4.2)

where g

c

denotes the introduction rates of defects stable in time, g

ba

defects that anneal out with
time constant t

ba

and N

e f f ,0 initial concentration of acceptors. The results are shown in Fig. 6c
together with a fit of Eq. 4.2 to the data. The parameters determined from the fit g

c

,g
ba

, and t
ba

are gathered in Table 1. At larger fluences one should bear in mind that the detector was irradiated
in several steps and only the part of the damage received in the last step undergoes short term
annealing. Therefore the introduction rate of the defects undergoing short term annealing g

ba

was
scaled by the ratio of total fluence and fluence received in the last step to get true introduction rate
of defects undergoing short term annealing.

Up to 2 ·1015 cm�2 the agreement with low fluence data [2, 20], obtained from C-V is satisfac-
tory. This means that voltage drop in ENB and the back SCR is small compared to the drop at the
front junction. At larger fluences the effective space charge concentration compatible with mea-
sured y

act

is significantly smaller than extrapolated from low fluence measurements. In addition,
significantly larger voltage drop at higher fluences in the ENB and the back SCR, if accounted for,
would reduce this effective space charge even further. It is evident that at larger fluences not only
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SCRmain	
   SCRBP	
  ENB	
  



Main	
  Junc:on	
  SCR	
  

•  Turn	
  yact	
  into	
  Neff	
  	
  
–  assuming	
  constant	
  SC,	
  and	
  no	
  
V	
  drop	
  in	
  ENB	
  and	
  SCRBP	
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Main	
  SCR	
  -­‐	
  Descrip:on	
  

•  Fit	
  (early	
  stage)	
  annealing	
  data	
  by	
  

	
  
–  rescale	
  gba	
  by	
  Φtotal	
  	
  /	
  Φlast	
  step	
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•  Clear	
  non-­‐linearity	
  of	
  stable	
  
acceptor	
  genera:on	
  

•  Mechanism	
  unknown,	
  but	
  there	
  is	
  
plenty	
  of	
  dynamics	
  going	
  on	
  in	
  
(heavily)	
  irradiated	
  semiconductors	
  

•  Whatsoever	
  happens	
  here,	
  it	
  is	
  
good	
  for	
  us	
  !	
  

F_eq	
  	
   g_c	
   g_ba	
   t_ba	
  
	
  1e15	
  cm^-­‐2	
   cm^-­‐1	
   cm^-­‐1	
   min	
  

1	
   0.0176	
   0.0085	
   17.20	
  
2	
   0.0135	
   0.0088	
   20.50	
  
5	
   0.0078	
   0.0069	
   26.25	
  
10	
   0.0055	
   0.0040	
   27.80	
  

gc	
  low	
  fluence	
  range	
  



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	
  convolu:on	
  
of	
  the	
  induced	
  signal	
  with	
  electronics	
  
transfer	
  func:on	
  H(t)	
  	
  

•  Further	
  I(t)	
  plagued	
  by	
  
–  Inhomogeneity	
  of	
  E(y)	
  close	
  to	
  y	
  
–  Trapping	
  reducing	
  I(t)	
  	
  
–  Charge	
  mul:plica:on	
  boos:ng	
  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	
  junc:on,	
  
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)	
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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:	
  keep	
  same	
  laser	
  
input	
  
–  expect	
  ~10%,	
  in	
  fact	
  looks	
  even	
  beker	
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T=-­‐20°C	
   T=20°C	
  

plot	
  max	
  

150	
  μm/ns	
  
2.3	
  V/μm	
  



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	
  func:on	
  H(t)	
  
–  Reproduce	
  I(t)	
  for	
  non-­‐irradiated	
  
– Model	
  as	
  CR-­‐RC4	
  with	
  tsh	
  =	
  0.8	
  ns	
  

•  Trapping	
  correc:on	
  with	
  H(t)	
  
•  Correc:on	
  calculated	
  for	
  nominal	
  
trapping	
  :mes	
  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	
  Mul:plica:on	
  

•  At	
  5x1015	
  and	
  1016	
  no	
  clear	
  satura:on	
  in	
  vsum	
  observed	
  
•  Taking	
  nominal	
  trapping	
  correc:on	
  both	
  vsum	
  exceed	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

vsum,sat	
  =	
  190	
  μm/ns	
  (2.35	
  a.u.×Ctrap)	
  
•  Clear	
  sign	
  of	
  charge	
  mul:plica:on	
  close	
  to	
  electrode	
  
•  Difficult	
  to	
  model,	
  so	
  give	
  up	
  modeling	
  this	
  region	
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ENB	
  Descrip:on	
  

•  Si	
  @	
  1016	
  full	
  of	
  defects,	
  so	
  how	
  do	
  we	
  get	
  
Electrically	
  Neutral	
  Bulk	
  ?	
  
– Honestly,	
  I	
  do	
  not	
  know,	
  but	
  at	
  low	
  V	
  there	
  is	
  a	
  large	
  
region	
  with	
  constant	
  vsum	
  thus	
  constant	
  E	
  

–  Constant	
  E	
  implies	
  no	
  (net)	
  space	
  charge	
  
– Genera:on	
  current	
  is	
  known	
  to	
  generate	
  linear	
  space	
  
charge	
  dependence	
  due	
  to	
  charging	
  up	
  traps	
  
•  Thus	
  no	
  genera:on	
  current	
  ?	
  
•  Thermal	
  quasi-­‐equilibrium,	
  implying	
  np	
  =	
  ni2	
  so	
  ENB	
  ??	
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  n/cm2	
  



ENB	
  Sanity	
  Check	
  

•  Usually	
  E=0	
  assumed	
  in	
  ENB	
  
–  No	
  signal	
  due	
  to	
  charge	
  recombina:on	
  

•  Heavily	
  irradiated	
  Si	
  
–  Large	
  Ileak,	
  high	
  resis:vity	
  ρ	
  
–  Need	
  sizable	
  E	
  to	
  transport	
  Ileak	
  across	
  
ENB	
  

•  Model	
  1016	
  @	
  100	
  V	
  
–  gc	
  from	
  SCR	
  fit,	
  ρ	
  close	
  to	
  max	
  
–  Ileak	
  generated	
  in	
  SCR	
  transported	
  
through	
  ENB	
  by	
  j=EENB/ρ	
  

–  Linear	
  rise	
  of	
  ESCR	
  
–  V	
  divided	
  between	
  SCR	
  and	
  ENB	
  in	
  a	
  
self-­‐consistent	
  way	
  (quadra:c	
  equa:on)	
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ρ(p)	
  

•  Result	
  
wSCR=	
  	
  56	
  μm	
  
EENB	
  =	
  0.053	
  V/μm	
  

Too	
  good	
  for	
  coincidence	
  !	
  
But	
  what	
  about	
  trapping	
  ?	
  



ENB	
  Result	
  Implica:ons	
  

•  ENB	
  not	
  contribu:ng	
  to	
  Ileak	
  
–  Significant	
  Ileak	
  reduc:on	
  
–  Observed	
  in	
  1017	
  exercise	
  

Ø Very	
  important	
  for	
  detector	
  
opera:on	
  (noise,	
  power)	
  !	
  

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

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

CM	
  

recombina:on	
  ?	
  	
  
SCR	
  reduc:on	
  !	
  

T.	
  Poulsen	
  (24th	
  RD50,	
  Bucharest)	
  

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



Signal	
  Modeling	
  

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

•  Modeling	
  in	
  Mathema:ca	
  
–  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	
  oscilla:ons	
  with	
  
observed	
  frequency	
  on	
  
top	
  of	
  induced	
  signal,	
  
damped	
  solely	
  by	
  
trapping	
  
–  Reflec:ons	
  close	
  to	
  
detector	
  induce	
  
oscilla:ons	
  before	
  actual	
  
H(t)	
  ?!	
  

–  Don’t	
  ask	
  about	
  
underlying	
  physics	
  
details…	
  	
  	
  

•  Then	
  convolute	
  with	
  H(t)	
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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	
  
correc:on	
  to	
  vsum	
  

y	
  =	
  100	
  μm	
  
y	
  =	
  180	
  μm	
  

τ	
  ×	
  2	
  
τ	
  ×	
  3	
  
τ	
  ×	
  4	
  

	
  

1016	
  neq/cm2,	
  	
  100	
  V	
  



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	
  dis:nct	
  regions	
  

•  We	
  observe	
  
–  Reduced	
  acceptor	
  introduc:on	
  in	
  SCR	
  
–  No	
  current	
  genera:on	
  in	
  ENB	
  
–  Reduced	
  trapping	
  by	
  factor	
  of	
  ~3	
  at	
  1016	
  neq/cm2	
  

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

Ø Produce	
  E(y)	
  plots	
  
Ø Solidify	
  trapping	
  :me	
  extrac:on	
  
–  Get	
  rid	
  of	
  oscilla:ons	
  ?	
  

•  Had	
  it	
  much	
  beker	
  in	
  2009…	
  
–  Beker	
  modeling	
  ?	
  

•  S(ω)	
  for	
  reflec:ons	
  ?	
  
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

– 10 –

1.6e15	
  π	
  

Oxygen	
  helps	
  
for	
  charged	
  
hadrons…	
  

KRAMBERGER et al.: INVESTIGATION OF IRRADIATED SILICON DETECTORS BY EDGE-TCT 2295

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	
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Backplane	
  SCR	
  

•  SCR	
  at	
  backplane	
  with	
  posi:ve	
  SC	
  
–  Width	
  ~1/5	
  of	
  detector,	
  quasi-­‐independent	
  on	
  fluence	
  
–  Moderate	
  increase	
  with	
  V	
  
–  No	
  real	
  annealing	
  effect	
  

•  Trapping	
  induced	
  or	
  just	
  hole	
  diffusion	
  out	
  of	
  BP	
  ?	
  
•  Not	
  clear	
  whether	
  it	
  contributes	
  to	
  Ileak	
  (is	
  np	
  =	
  ni2	
  ?)	
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Silicon	
  –	
  material	
  of	
  choice	
  

•  For	
  LHC,	
  ini:ally	
  very	
  likle	
  Si	
  was	
  
envisaged	
  for	
  tracking	
  
–  2/3	
  layers	
  in	
  barrel	
  only	
  for	
  ATLAS	
  LOI	
  
–  Majority	
  MSGC,	
  some	
  GaAs,	
  diamond	
  
–  Radia:on	
  hardness,	
  price	
  

•  During	
  project	
  execu:on	
  Si	
  remained	
  the	
  
only	
  tracking	
  sensor	
  
–  Except	
  TRT	
  in	
  outer	
  ATLAS	
  tracking	
  

•  S:ll	
  ~70	
  m2	
  of	
  Si	
  
–  CMS	
  all-­‐Si	
  with	
  ~200	
  m2	
  of	
  ac:ve	
  sensors	
  

•  These	
  trackers	
  perform	
  extremely	
  well	
  
at	
  LHC	
  

•  Can	
  performance	
  be	
  extended	
  by	
  an	
  
order	
  of	
  magnitude	
  in	
  radia:on	
  fluence	
  ?	
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ATLAS	
  LOI	
  

CMS	
  Tracker	
  



•  Extensive	
  R&D	
  for	
  >20	
  years	
  
–  RD-­‐20,	
  -­‐48,	
  -­‐50	
  

•  Three	
  effects	
  of	
  radia:on	
  
✫  	
  Leakage	
  current	
  
✬  	
  Space	
  charge	
  
N  	
  Trapping	
  

•  All	
  sorts	
  of	
  tricks	
  applied	
  
–  New	
  materials	
  
–  Low	
  temperature	
  
–  Field	
  manipula:on	
  
–  Forward	
  bias	
  
–  …	
  

N  10	
  years	
  ago	
  trapping	
  (and	
  space	
  charge)	
  appeared	
  detrimental	
  for	
  
opera:on	
  beyond	
  ~1015	
  neq/cm2	
  

Past	
  Experience	
  

250	
  V	
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I.	
  Mandić	
  et	
  al.	
  	
  NIM	
  A533	
  (2004)	
  442	
  

8x1015	
  neq/cm2	
  

p+n	
  



New	
  Hope	
  

•  Collec:on	
  of	
  electrons	
  on	
  n+	
  read-­‐out	
  strips	
  
proved	
  essen:al	
  for	
  detector	
  opera:on	
  
beyond	
  1015	
  neq/cm2	
  

–  Junc:on	
  grows	
  from	
  n+	
  side	
  
–  Electrons	
  move	
  faster	
  
–  Electrons	
  trap	
  less	
  

J  	
  CCE	
  of	
  ≥	
  50	
  %	
  @	
  3x1015	
  neq/cm2	
  

•  CCE	
  quasi-­‐linear	
  with	
  V,	
  no	
  satura:on	
  ?!	
  

•  Severely	
  inconsistent	
  with	
  simula:ons	
  
based	
  on	
  measured	
  trapping	
  and	
  acceptor	
  
introduc:on	
  at	
  low	
  fluences	
  
–  Trapping,	
  space	
  charge	
  not	
  linear	
  with	
  

fluence	
  ?	
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G.	
  Casse	
  et	
  al.	
  NIM	
  A581(2007)318	
  

G.	
  Kramberger	
  et	
  al.	
  NIM	
  A579(2007)762	
  

??	
  



Anno	
  Mirabilis	
  2008	
  

•  In	
  2008	
  evidence	
  for	
  even	
  higher	
  CCE	
  ≥100	
  %	
  
obtained	
  with	
  n+p	
  strips	
  using	
  SCT128A	
  (25	
  ns)	
  

Niagara	
  Falls,	
  Sep	
  4,	
  2014	
   Marko	
  Mikuž:	
  Silicon...	
   35	
  

Measurement	
  of	
  charge	
  collec_on	
  in	
  p-­‐type	
  	
  
microstrip	
  sensors	
  with	
  SCT128	
  chip	
  	
  
I.	
  Mandić	
  et	
  al.,	
  12th	
  RD50	
  Workshop	
  ,	
  June	
  2008	
  

Observa_on	
  of	
  full	
  charge	
  collec_on	
  efficiency	
  
in	
  heavily	
  irradiated	
  n+p	
  strip	
  detectors	
  
irradiated	
  up	
  to	
  3×1015	
  neq/cm2	
  

I.	
  Mandić,	
  et	
  al.,	
  RESMDD08,	
  October	
  2008	
  	
  
NIMA(2009)	
  ,	
  doi:10.1016/j.nima.2009.08.004	
  	
  



What’s	
  going	
  on	
  ?	
  

CCE	
  results	
  clearly	
  incompa:ble	
  with	
  simula:on	
  based	
  
on	
  Neff	
  and	
  trapping	
  data	
  from	
  lower	
  fluences	
  !	
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Measurement	
  of	
  anomalously	
  high	
  
charge	
  collec_on	
  efficiency	
  in	
  n+p	
  
strip	
  detectors	
  irradiated	
  by	
  up	
  to	
  
1016	
  neq/cm2

,	
  	
  
I.Mandić	
  et	
  al.	
  NIM	
  A603(2009)263	
  	
  

??	
  
V	
  >	
  VFD	
  and	
  
no	
  trapping	
  ?	
  



Charge	
  Mul:plica:on	
  

•  Mul:plica:on	
  is	
  textbook	
  physics	
  
–  e.g.	
  S.M.	
  Sze,	
  Physics	
  of	
  Semiconductor	
  Devices,	
  	
  

Wiley,	
  New	
  York,	
  1981	
  
•  Ch	
  1.6.4	
  High-­‐Field	
  Property	
  

–  Velocity	
  satura:on,	
  impact	
  ioniza:on	
  
•  Ch	
  2.5.3	
  Avalanche	
  Mul:plica:on	
  

–  Junc:on	
  break-­‐down	
  

•  Measured	
  impact	
  ioniza:on	
  
–  Electrons	
  create	
  1	
  pair	
  in	
  10	
  µm	
  at	
  E~20	
  V/µm	
  (100	
  

µm	
  at	
  14	
  V/µm),	
  holes	
  need	
  E~40	
  V/µm	
  
–  Holes	
  need	
  ~1	
  mm	
  for	
  pair	
  crea:on	
  at	
  E~20	
  V/µm	
  

•  Neglect	
  hole	
  mul:plica:on	
  in	
  signal	
  crea:on	
  altogether	
  	
  
•  Need	
  to	
  invoke	
  hole	
  mul:plica:on	
  for	
  junc:on	
  

breakdown	
  

•  αe	
  >>	
  αh	
  -­‐	
  Nature	
  gentle	
  to	
  us	
  (in	
  silicon)	
  
–  Large	
  range	
  in	
  E	
  where	
  electrons	
  mul:ply	
  	
  	
  	
  

without	
  inducing	
  breakdown	
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for a given VBoVFD is therefore,

dðowÞ ¼

ffiffiffiffiffiffiffiffi
VB

VFD

s

w: ð2Þ

Eq. (2) also provides the method for measuring the full
depletion voltage. The capacitance of a silicon detector is
inversely proportional to the thickness of the depleted volume.
The variation of the capacitance as a function of the applied
reverse bias (the CV curve) saturates at the detector thickness,
when the value of the bias is VFD. The changes of Neff with hadron
fluence have been extensively studied and can be parameterised
with the following expression:

Neff ðfÞ ¼NDe$cf$NAe$dfþbf ð3Þ

where ND is the initial donor concentration, NA is the initial
acceptor concentration, c and d are the removal constants and b is
the parameter accounting for the net introduction of acceptor-like
defects. At high doses, the first term of Eq. (3) can be neglected,
and the dependence of Neff (VFD) on the fluence is linear. The value
of b depends on the silicon crystal and the type of irradiation
(charge and energy of the radiation) [10,11]. A value often
accepted in literature, for oxygen enriched, high resistivity
floating zone silicon is b¼0.028 cm$1 [12].

After heavy doses, the reduction of the active volume becomes
severe. The value of VFD estimated using Eqs. (1) and (3) and the
above value of b is about 2000, 20,000 and 40,000 V after 1, 10
and 20&1015 neq cm$2, respectively, for 300 mm thick sensors.
Using these values, the active volume of a silicon detector
irradiated to these three fluences is '200, o70 and o50 mm
for 1000 V bias. The ionised charge in the active volume is equal
to '16,000, 5000 and 3500 electrons, respectively. The direct
measurements of VFD that lead to the parameterisation reported
in Eq. (1) have been performed only up to about 1&1015 neq cm$2

with standard thickness sensors (300 mm). It is possible that the
assumption of a linear degradation of Neff at high fluence is not
correct. With thinner detectors, the changes of Neff can be
measured after higher doses, due to the lower applied bias
voltage required to deplete the detector (Eq. (2)). Fig. 2 shows the
changes of Neff (VFD) as a function of the irradiation fluence,
measured using 140 mm thick silicon diodes irradiated with
reactor neutrons at the Triga Mack II research reactor of the JSI
of Ljubljana [13]. The measurements have been performed with
devices irradiated up to 1.5&1016 neq cm$2. VFD was estimated
using the CV method. The thinner detectors have a VFD about 5.6
times lower than that of the standard 300 mm ones (Eq. (1)). This

allows the use of the CV method to study the changes of Neff as a
function of fluence to much higher doses. The change of Neff with
dose is compatible with Eq. (3) and the above value of b up to
1&1015 neq cm$2, but it is considerably reduced at higher
fluences. Table 1 shows the expected depletion depth of a
silicon detector after different irradiation doses and the amount
of ionised charge in the active volume in the case of linear
dependence of Neff with fluence (Eq. (3)), or according to the
measurements of Fig. 2.

The charge trapping is the second factor that contributes to the
reduction of the signal as a function of hadron fluence. The charge
trapping centres introduced by the radiation are capable of holding
the signal charge carriers, effectively removing them from the signal
current. The density of the traps is assumed to increase linearly with
fluence, causing a considerable reduction of the average signal carrier
lifetime. This can be described by the following expression:

1
te,h
¼ be,hf ð4Þ

where te,h is the effective trapping time for electrons (e) and holes (h),
be,h is the proportionality constant for electrons and holes and f is the
1 MeV neq fluence. The ratio of the collection time (tce,h) of the signal
to te,h defines the amount of charge loss to trapping according to

Qsignal ¼Q0etce,h=te,h ð5Þ

where Qsignal and Q0 are the measured charge and the ionised charge
in the active volume, respectively. be,h depends on the type of
irradiation. Measured values for be and bh are about 3.7 and
5.7&10$16 cm2 ns$1 for 1 MeV neutron irradiation for electrons
and holes, respectively, and about 5.4 and 6.6&10$16 cm2 ns$1 for
charged hadron irradiation [14]. The effective trapping times also
define the charge collection distance (CCD) in irradiated silicon.
Assuming that the electric field is high enough to drift all the charge
carriers at saturation velocity towards the collecting electrode, the
product of the saturation velocity times te,h provides the CCD after the
relevant fluence of charged or neutral hadron irradiation. In the case
of n-side readout, the signal is dominated by the electron current and
one can neglect the hole contribution. Table 1 shows the estimated
CCD and expected signals in n-side readout segmented detectors for
neutron doses from 5&1015 to 2&1016 neq cm$2. In the case of
charged hadron irradiation, an even stronger reduction of the CCD is
expected. It appears that the charge trapping is causing more severe
signal degradation than the increase of VFD with fluence. The be and
bh constants have been directly measured only up to about 1&1015

neq cm$2, because over-depletion of the sensor is needed for this
measurement. It is therefore possible that after higher doses the

Fig. 1. Charge collection as a function of the reverse bias voltage (CC(V)) of standard (300 mm thick) microstrip detectors irradiated to various doses of reactor neutrons
(left) and 26 MeV and 24 GeV/c protons (right).

G. Casse et al. / Nuclear Instruments and Methods in Physics Research A 636 (2011) S56–S61 S57
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Figure 2. Dependence of (a) collected charge on voltage for non-irradiated detectors and (b) noise.
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Figure 3. Dependence of charge collection on fluence after (a) Feq = 3 · 1015 cm�2 and (b) Feq = 1 · 1016

cm�2. The samples were measured at �20�C for (a) and �23�C for (b). Note that black squares refer to the
150 µm thick detector.

Charge collection after the first two irradiation steps is shown in figures 3. There seem to be no
systematic dependence on the implantation process. The collected charge rises almost linearly with
voltage. An increase of the slope can be observed at higher voltages for lower fluence, an indication
of enhanced multiplication process. The thin detector on the other side significantly outperforms
standard thickness detectors at voltages below 900 V. For Feq = 3 · 1015 cm�2 it reaches 90% of
the non-irradiated detector and exhibits a kink in Q-Vbias dependence at ⇡ 400V, which is a typical
indication of full depletion voltage at low fluences. After reaching the total fluence of 1016 cm�2

the sensors were split into two groups. The first one with samples of different implant processes
and the thin detector underwent controlled annealing up to 5120 min at 60�C, while a set of 5
samples with the standard process were further irradiated (in steps) up to Feq = 1.6 · 1017 cm�2.
The dependence of charge collected charge on voltage for the latter is shown in figure 4. Even at the
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standard thickness detectors at voltages below 900 V. For Feq = 3 · 1015 cm�2 it reaches 90% of
the non-irradiated detector and exhibits a kink in Q-Vbias dependence at ⇡ 400V, which is a typical
indication of full depletion voltage at low fluences. After reaching the total fluence of 1016 cm�2

the sensors were split into two groups. The first one with samples of different implant processes
and the thin detector underwent controlled annealing up to 5120 min at 60�C, while a set of 5
samples with the standard process were further irradiated (in steps) up to Feq = 1.6 · 1017 cm�2.
The dependence of charge collected charge on voltage for the latter is shown in figure 4. Even at the
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Figure 6. (a) Dependence of leakage current on bias voltage for different standard process detectors. All the
currents are scaled to -23�C. The shape of the marker denotes the sample and color the fluence. (b) Leakage
current at 1000 V averaged over the samples vs. fluence. The red line denotes the full bulk generation current
expected from leakage current damage constant a(�23�C) = 3.48 · 10�19 cm�2. (c) Dependence of noise
on bias voltage for the samples from wafers 2935 at different fluences.

the excess noise factor F(M � 1)⇡ 2, F(M = 1) = 1. The multiplication of charge is smaller, or
equal at best, than amplification of current MI , as carriers trapped for longer than the integration
time don’t contribute to the former, but they do to the latter. This is valid up to the point where the
recombination starts to limit the current. The reader should note that ENCMI adds in squares to the
series noise ENCS to get the measured noise ENC ⇡

q
ENC2

MI +ENC2
s .

As it is impossible to separate the effects of recombination and multiplication in the measured
current it is also not possible to accurately calculate the noise. One can see the noise is weakly
dependent on the fluence (i.e. current), but exhibits the same dependence on voltage for the initial
three fluences and decreases at high voltages for the highest fluences reached. If relatively similar
noise at lower fluences can be explained by similar product of MI ·ENCI , at higher fluences it seems
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the excess noise factor F(M � 1)⇡ 2, F(M = 1) = 1. The multiplication of charge is smaller, or
equal at best, than amplification of current MI , as carriers trapped for longer than the integration
time don’t contribute to the former, but they do to the latter. This is valid up to the point where the
recombination starts to limit the current. The reader should note that ENCMI adds in squares to the
series noise ENCS to get the measured noise ENC ⇡

q
ENC2

MI +ENC2
s .

As it is impossible to separate the effects of recombination and multiplication in the measured
current it is also not possible to accurately calculate the noise. One can see the noise is weakly
dependent on the fluence (i.e. current), but exhibits the same dependence on voltage for the initial
three fluences and decreases at high voltages for the highest fluences reached. If relatively similar
noise at lower fluences can be explained by similar product of MI ·ENCI , at higher fluences it seems
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Figure 8. Dependence of mean charge on voltage for samples with different implantation process and
thickness at (a) 320 min (b) 1280 min and (c) 5120 min. All the samples were irradiated to accumulated
fluence of Feq = 1016 cm�2.

in the detector due to increase of negative space charge with annealing. At higher voltages this
turns out to be beneficial as the enhancement of impact ionization greatly improves charge col-
lection. This becomes evident at around 1000 min at 60�C. For the last annealing step of 5120
min the signal-to-noise ratio actually slightly degraded as the three-fold increase of noise was not
fully compensated by the increase of signal. However, while the signal is largely independent on
the sensitive electrode area, the increase of noise scales with electrode surface. For small strips or
pixels the gain in signal-to-noise can still be significant.

7 Geometry — Weighting field

The charge collection efficiency of “spaghetti” diodes should be better than that of the conventional
pad detectors at higher fluences, because of enhanced charge multiplication in higher field. At the
same time they should perform slightly worse than strip detectors with n+ readout, as the enhanced
contribution of electrons to the signal is not so pronounced. The weighting field has the shape of the
electric field and resembles more to that of the simple pad detector than that of the strip detectors
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The charge collection efficiency of “spaghetti” diodes should be better than that of the conventional
pad detectors at higher fluences, because of enhanced charge multiplication in higher field. At the
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Figure 9. Dependence of (a) mean charge (b) noise and (c) leakage current of the sample from wafer 2912-3
for different annealing times.

with strips connected to individual amplifiers. This is best illustrated when the contributions due to
drift of electrons Qe to the total induced charge Q are compared. For the track through the center
of the spaghetti strip Qe/Q = 0.53, which is only marginally larger than for pad detector with
Qe/Q = 0.5 and much less than Qe/Q = 0.83 for a strip detector of the same geometry. The ratio
Qe/Q also changes slightly with trapping and a lot with multiplication. However, holes produced
by impact ionization close to the strip drift in high weighting field and by that effectively add to the
superior performance of n+ electrode readout.

For the purpose of comparison two ”spaghetti” detectors were irradiated to fixed fluences of
1015 cm�2 and 2 · 1015 cm�2 and annealed for 80 min at 60�C. The same procedure was applied
to two standard Micron pad detector (2551-4 see table). The difference in collected charge can be
clearly seen in figure 10a. It is surprising that the difference exists already at small voltages and
becomes larger at high voltages. Partially the difference is in somewhat larger Qe/Q for non central
tracks, but the major difference probably comes from charge multiplication.

Two micron miniature n+-p strip detectors (300 µm thick, 80 µm pitch, 20 µm implant width)
irradiated to Feq = 3 · 1015 cm�2 and Feq = 1 · 1016 cm�2 [10] were also compared to spaghetti
diodes (see figure 10b). As expected the favorable weighting field in the strip detector yields
larger cluster signal than that measured with spaghetti diodes (up to around 30%), but the shape of
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30. Passage of particles through matter 13

Thus the Landau-Vavilov most probable energy loss, like the restricted energy loss,
reaches a Fermi plateau. The Bethe dE/dx and Landau-Vavilov-Bichsel ∆p/x in
silicon are shown as a function of muon energy in Fig. 30.6. The energy deposit in
the 1600 µm case is roughly the same as in a 3 mm thick plastic scintillator.
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Figure 30.7: Electronic energy deposit distribution for a 10 GeV muon
traversing 1.7 mm of silicon, the stopping power equivalent of about 0.3 cm of
PVC scintillator [1,13,29]. The Landau-Vavilov function (dot-dashed) uses
a Rutherford cross section without atomic binding corrections but with a
kinetic energy transfer limit of Tmax. The solid curve was calculated using
Bethe-Fano theory. M0(∆) and M1(∆) are the cumulative 0th moment (mean
number of collisions) and 1st moment (mean energy loss) in crossing the
silicon. (See Sec. 30.2.1. The fwhm of the Landau-Vavilov function is about
4ξ for detectors of moderate thickness. ∆p is the most probable energy loss,
and 〈∆〉 divided by the thickness is the Bethe 〈dE/dx〉.

The distribution function for the energy deposit by a 10 GeV muon going
through a detector of about this thickness is shown in Fig. 30.7. In this case
the most probable energy loss is 62% of the mean (M1(〈∆〉)/M1(∞)). Folding in
experimental resolution displaces the peak of the distribution, usually toward a
higher value. 90% of the collisions (M1(〈∆〉)/M1(∞)) contribute to energy deposits
below the mean. It is the very rare high-energy-transfer collisions, extending to
Tmax at several GeV, that drives the mean into the tail of the distribution. The
mean of the energy loss given by the Bethe equation, Eq. (30.4), is thus ill-defined
experimentally and is not useful for describing energy loss by single particles.* It

* It does find application in dosimetry, where only bulk deposit is relevant.
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rises as ln βγ because Tmax increases as β2γ2. The large single-collision energy
transfers that increasingly extend the long tail are rare, making the mean of
an experimental distribution consisting of a few hundred events subject to large
fluctuations and sensitive to cuts. The most probable energy loss should be used.†
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Figure 30.8: Straggling functions in silicon for 500 MeV pions, normalized
to unity at the most probable value δp/x. The width w is the full width at
half maximum.

The Landau distribution fails to describe energy loss in thin absorbers such as
gas TPC cells [1] and Si detectors [27], as shown clearly in Fig. 1 of Ref. 1 for
an argon-filled TPC cell. Also see Talman [28]. While ∆p/x may be calculated
adequately with Eq. (30.11), the distributions are significantly wider than the
Landau width w = 4ξ [Ref. 27, Fig. 15]. Examples for 500 MeV pions incident
on thin silicon detectors are shown in Fig. 30.8. For very thick absorbers the
distribution is less skewed but never approaches a Gaussian.

The most probable energy loss, scaled to the mean loss at minimum ionization,
is shown in Fig. 30.9 for several silicon detector thicknesses.

† An alternative approach is taken in TPC analysis, where some fraction of the
highest energy deposit signals along a track, e.g. 20%, are discarded before taking
the average.

June 18, 2012 16:19

FWHM ≥ 4ξ  = 2K ⋅ (Z A) ⋅ (x β 2 ) MeV

Hans Bichsel: Straggling in thin silicon detectors 683

I I I I I I ~ I I ~ I I ~ I I I ~ I ~ 1 t I ~ I Q, 0 ~ ~ ~ ~ ~ I I I I ~ ~ 1 ~ I I I

3.0

1880 ~m, X100

vr, 320 p,m, &&10

80 porn, ~10

1.0
0.8
0.8
0.7

0.8

0.5

vt'w,

r/

/
rr

L II ~l I

1 010
, . . .!
101

10 porn

10~
. . . . I
103 0.4 ~ ~ ~ I

10' 103

FIG. 14. Most probable energy loss A~ (keV) for t =10, 80,
320, and 1280 pm as a function of Py. Also given is to for
t =320 pm. The values must be multiplied by the factors shown
(see Tables V and VI). The values are expected to be constant
for large values of py because they are determined only by ener-
gy losses less than about 2h~. For these energy losses, o.(E) is
almost independent of particle energy for P= 1 (see Appendix
C).

done with three of them (Table VII): (a) the one used
here, (b) the one used in earlier calculations (Bichsel,
1985a), (c) the PAI model described by Allis'on and Cobb
(1980; see also Sec. V) and applied here to silicon.
The major uncertainties of spectrum (a) were described

in Sec. III.D. For (b), a major error was that the optical
constants were determined separately for each shell. In
particular, the Kramers-Kronig relation used to calculate
c& from cz was applied for each shell. Furthermore, the
calculations of the generalized oscillator strength were
made only for energy losses of less than 220 Ry. For
PAI, the values of the complex dielectric constant E(E)
derived in Sec. II.E were used, but GOS was calculated
with the approximation of Eq. (5.1). A comparison be-
tween the spectrum cr(E) used here and that which was
calculated with the PAI approximation shows differences
of 5—10% for most of the spectrum, but differences of up
to 40% occur just beyond the plasmon peak at E = 16.8
eV. The total collision cross sections M0 calculated with
the two spectra for 1-GeV electrons were 38388 and
40942 collisions/cm, i.e., the PAI value is 6.7% larger
than the one used here. The stopping power is only 0.8%
larger, though. Energy-loss spectra were calculated with

FIG. 15. Ratio r of the full width at half maximum w of the
present straggling function to the Landau width toL ——4g as a
function of thickness t of a silicon absorber for particles with
py & 500. The leveling in the ratio for 16 & t & 25 pm is due to
the increase from very small values to 1 and more in the proba-
bility of collisions with K-shell electrons. Also given is the ratio
r of w to the width wz of the Shulek function (Appendix D), cal-
culated with 5&——2130 keV /cm (the value for 1-GeV electrons,
using the upper limit E„=1.4 MeV in the integral; see Sec.
IV.D). For small thicknesses, w is much less than wz—again
indicating that the K-shell electrons do not contribute
significantly to the energy losses. For heavy particles, 52 would
be larger, and therefore r would be smaller.

these three cr(E) for the following cases: 45-GeV/c pions
in 300 pm of silicon, 42.4-MeV protons in 196 pm, and
1-CxeV electrons in 10 pm. The results are shown in
Table VII. The maximum difference seen in the table for

amounts to 4% for the very thin absorber, that for w
to 1.8% for the thick absorber. Errors in the convolution
calculations were discussed at the end of Sec. VII.

IX. IONIZATION IN A SII ICON DETECTOR

Usually, the energy lost, b, [Eq. (1.1)j, by a charged
particle traversing an absorber is deposited in it. If a
large energy loss occurs, it is possible that a delta ray will
have enough energy to escape from the detector. Then
the energy deposited in the absorber, 6', is less than the
energy lost, b, (Laulainen and Bichsel, 1972; Hall, 1984).
The Monte Carlo calculations by Bichsel (1985b) for
100-MeV protons, traversing the equivalent of 1 pm of

TABLE VII. Values of h~ and w, calculated with three different single collision spectra o(E) for 45-'
GeV/c pions in 300 pm of silicon, 42.4-MeV protons in 196 pm, and 1-GeV electrons in 10 pm (see end
of Sec. VIII).

45 GeV/c m

h~ {keV) w {keV)
42.4 MeV p

h~ (keV) w (keV)
1GeVe

(keV) w (keV)

(a)
(b)
(c)

85.58
87.66
87.15

29.85
29.59
29.33

484

493

139.4

138.4

1.858

1.931

1.758

1.756
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