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Tk The Ljubljana Team o

— e ————— ‘
* Those who did all the work:

—Vladimir Cindro

—Gregor Kramberger
—|lgor Mandic
—Marko Zavrtanik

* A big thanks to them |
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e Runl at LHC finished, 2&3 in sight

— Designed for 730 fb* of 14 TeV pp
collisions, ~30 fb* in Runl

— Will probably get ~% of planned
e HL-LHC in advanced planning

— 3000 fb™*i.e. ~10xLHC

— ~10%® n__/cm? for pixels (pions)

— nx10%*® n__/cm? for vFW pixels (t & n)

— ~10'" n_./cm? for FCAL (neutrons)

* Can (tracking) sensors survive in
these extreme environments ?
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i Tracking sensors

_-—-i‘

* Convert charged particle ionization into

measurable electrical signal
e Sensor segmentation provides position info

— 2-D: strips, 3-D: pixels

— Resolution d/Vv(12) (binary) or better (analogue -

charge division)

 Tracking: many layers, keep occupancy <1 %

e Considerations

— Signal to (electronics) noise, threshold

e Radiation hardness
— Manufacturability

* Large scale production /e g S
i lines d i I
— Engineering (electrical, thermal, mechanical) \2 L J e
» Material budget A
— Price o P e SO G, 0
. . / guard ¢ ‘%
e Paradigm might change for FCAL
— Jet reco: multiple hits/segment, no real tracking...
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e Special run of “

How far can we go with Si

spaghetti” diodes to address this
— All strips connected to one readout

— Strip electric field, equal weighting field (~pad)
— Different implants (double diffusion, energy)

Irradiated with reactor neutrons in steps
— 3, 10x10*> —> 5 samples annealed

— 2, 4,8x10%, 1.6x10" n,,/cm*— 6 standard samples
* I(V), Qyp(V) and noise on 2°Sr set-up at -25°C
— Trigger purity allows measurements at low S/N

-

ganged strips

Published in : G. Kramberger et al., JINST 8 P08004 (2013).

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 um 150 um 300 um 300 um 300 um
Via ~90V ~30V ~90V ~90V ~50V
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Amplifier _TeX2440

pad detector
+shaper

thermal
insulation

cold plate \"

Peltier cooler

water cooled heat sink

scintillator



TE Silicon is still alive! o

@
- e ————
* Upto 1.6x10"" n . /cm?, steps 1, 2, 4, 8x10*°

— Anneallng 80 mins @ 60°C between steps

16000 — \ — ‘ — ,
© #2488-7 42935-3 ©2935-5 m2935-6 x2935-9 K 3 1015 cm?2 -
14000 © e .
. . . . -
) Linear Q,,p(V) persists ,
o 12000 ) m
oo throughout the entire o #
< 10000 I ¢ 2% ]
S fluence range! :
S 8000 R 1-10% cm2
© r N} ]
o] r s ¢ - ]
© 6000 - o & - g & ]
o 4 2:10% cm
-:;,J X AN .
© 4000 - * ]
€ - 4-10%¢ cm2 -
2000 - 810 cm=2 -
. 17 -2;
0 I A T T T T T 1.6 \10\ Fm
0 200 400 600 800 1000 1200 1400

bias voltage [V]
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e The Magic Formula

—

e Linear relationship Q,,,(V) £ .. o M
— Same slope in log(Q,,,) vs. i Y
log(®) for any V gwg' w0V
— Magic formula
0y (®,V) = k-(B/10% 0 fen?)P -V e
k=264¢e,/V
b =-0.683

* “Magic” — no underlying physics... in fact lots of it
— Mix of depletion, trapping and charge multiplication
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e Note on Weighting Field :‘

- ——————eeeae ®

* Weighting field sharply  G. Kramberger, D. Contarato, NIM A560(2006)98.
peaked at pixels (3-D!) !

 Will affect signal when ST -~ Top25%yield
V.T, << d 777) B
— v_.T.=30um @10% top 10% give 50%

sat“e = |
» Thin detectors T’-

** Inclined tracks | el VO o 0.1 145 145
— Skewed distributions ‘ 0.2 63

e R | L T ———T =
— Algorithms ? : P R T

/ i ] I 0.8 : Neighbor no. 3 e 0.4 247 14
= 07 Neighbor no. 2 /3
Th I n b I n a ry = ; 6 E Neighbor no.1 ! 3 0.5
/ e i &
** Non-homogeneous 3 05E — pacdecor /

04F /

detectors ? 03t ya 0.7 268
28 P 272

e ~ M 09 276

0 e T it dondendeniiaainetanlostistasatiaibasl ashiotandindasd it o0
50 100 150 200 250
(b) z [um] 1.0 . 280
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. Can we explain the signal ? :0

- el ®
* Extensive efforts have been going on to model
irradiated silicon from “first principles”

— Trap parameters -> models (semi-analytic, TCAD)

* The problem, nicely formulated by Michael Moll

“There is no shortage of traps in irradiated silicon...”
. Sri]gnal governed by Ramo —
theorem
— E_depends solely on geometry, I(t) = q v EW =
can be calculated o
— E problematic for modeling — q . (E) . E . Ew
e Can we measure it ?
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i Edge TCT

| g o
* Inspired by beam grazing technique — Beagg’az'“g ‘
introduced by R. Horisberger to study L R A
CCE in piXEI detECtOrS Ei?x:lt:t‘ggg:l‘g ——————————— __|-n+ pixel implant
A Edge_TCT . n__Remm_— =————Bump bond

— Replace small angle beam by edge-on
IR laser perpendicular to strips,
detector edge polished

_ Edge TCT
— Focus laser under the strip to be r» Te200C o
measured, move detector to scan, y =z §
™ Measu re |nd uced Slgnal Wlth faSt =0 n+ implant (all connected to HV via common bias ring)

amplifier with sub-ns rise-time (TCT)
— 8 um FWHM under the chosen strip,
fast (40 ps) and powerful laser

e Caveat —injecting charge under all
strips effectively results in constant
weighting (albeit not electric !) field - NOTTOSCALE:

polished edge

A
p bulk : _ ! drift direction
1 “—_ electrons

scaning direction

IR laser beam

i+ drift direction

FWHM-~8L m'
' V  holes

p+ implant

F
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. Electric Field Measurement :‘

y M

* |nitial signal proportional to velocity — =
sum at given detector depth [(t=0)=qgv-Ey=
e Caveats for field extraction

— Transfer function of electronics smears

out signal, snapshot taken at ~600 ps =N e (u +u) Ex)/d
* Problematic with heavy trapping e=h™0 (Me ‘uh) ( )/

__..
I.. - s
BRI B

&
=
1—
=-‘_

* Electrons with v, hit electrode in 500 ps Non-irradiated
— Mobility depends on E £ '~ i 50 um from strip
 vsaturates for £ >> 1V/um Y S y=50 um
100 = " e 2 : 100 1 T
s |/ electrons T 06|
‘;_'; 80 I'J —————p— 80 il EI Ctr S =
:; 6o holes z / halec 0.4
& 5 2 nores -
& / = / 0.2
& 20H 5L/ L~ :
: J 1,7 90%v,,, . @2.5V/pm ok
" b - = » ()(-J.(I(‘;/. . .05. - .1.0. - .'.5I - .2.\']. - .25. - .3}; 7{ ‘ (IJ e 2‘ - ‘4" — 6‘ - ‘8‘ - ‘1‘0‘ ‘ ‘1‘2‘ ‘ ‘1I4‘
Electric fisld [V/pm] Electric ficld [V/um] t [ns]
Niagara Falls, Sep 4, 2014 Marko Mikuz: Silicon... 11



Ve+Vy, [arb.|

- Selected Results

. ® O
- .
+ 4 e . . g
e Hamamatsu n* strip (mini-)sensors, FZ p-type, irradiated with neutrons
’ ’
2 I Voael0V | = 2 T 2F I
B non-irradiated VRss0 V £t . b 210 cm? Viias=0 V 5 r . Vbia—s=0V Beq=1x10"® cm2
- v saturation V2150 v = [ Vsj eq cm Ves=100VI| 2 T V,,..=100 V
== vi=Z00v| * f Veee=300 V|| %, [ : Viies=300 V | ¥4
hat® j e Vb =250 Vi A Vpioe=400 V 3 letion ? vie=200v double
i e I Depleti visoov|| L, vy fjunction”
T JJ/\-\LLLLD V©*Za80 v : Viiaa=700 V - o LL‘ Viias=700 V
1 j ijep ‘H,IL“LL bias™ 1 ] L -
: \\ N |
0.5— = 0.5—
- E=0~1¢ :
07'7:\H‘\HH\HH\HH\HH\‘#T:H‘T S I T R
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300
y (depth) [um] y (depth) [um] y (depth) [um]

 Very instructive regarding qualitative electric field shape

— Non-irradiated “by the book” for abrupt junction n*p diode
* SCR and ENB nicely separated, small double junction near backplane

— Medium fluence (0=10% neutrons): some surprise
* Smaller space charge than expected in SCR, some field in “ENB”

— Large fluence (®=10%): full of surprises
« Still lower space charge, sizeable field in “ENB”
 CM additional trouble for interpretation at large V

 (Can we bring these observations to quantitative level ?
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= e

- el ®
* Detectors exhibit three distinct regions

— Space Charge Region at main junction, negative SC
— SCR at backplane, positive SC
— Electrically Neutral Bulk in-between

e Remember: E=const => no space charge

e Determine extent of each region by geometrical fits

TSR

|
=

Field Modeling: Regions

Neff<o
B | 2

Neff> 0

Ve+v, [arb.]

|El

neutral
bulk

ENB

0.5

SCR

|
main }SCRB ol

l 0 T - l ) L
y 0 50 100 150 200 250 300

back y (depth) [um]
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Fit (early stage) annealing data by

ANeff _ Nefr —Nefro

8c T 8ba exp(_r/fbd)

— rescaleg, by ®, . . /®

step

Clear non-linearity of stable
acceptor generation

Mechanism unknown, but there is
plenty of dynamics going on in
(heavily) irradiated semiconductors
Whatsoever happens here, it is
good for us |
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) ‘ ‘ 3I0 ‘lo ﬁ ‘ Itlmtj‘?minl
F_eq g c g_ba t_ba
lel5 cmA-2 cmh-1 cmh-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
g cvsd
0.02
g. low fluence range
_ 0.015
<§ 0.01
v, <
0.005 (]
0
0 4 6 8 10 12

® [1e15 n/cm~2]

15

®gc



B Field Modeling: Field Value :0

— — ‘

100 Fr———r

I(t=600ps,y) v, +v, =(u, +u,) E(y) |

sl N

3 |
o ]

CCCCCC

y |
e

Invert to get E(y) ? Caveat: i ]
B IJ:IJ(E)/ need scale of E to invert % 40;

Scale from [E()dy=V ? Notreally:  ° .}/

— Poorly known large field at electrode . 1. 1. . .1 .. .|
contributes sizably to the integral R

Measured “I(t)” is in fact a convolution
of the induced signal with electronics
transfer function H(t)

Further /(t) plagued by I(t) j(ﬂe v, ) EGU)H (-1t

T™TTT
4 e
- ———

nnnnnnn

— Inhomogeneity of E(y) close to y
— Trapping reducing /(t)
— Charge multiplication boosting /(t)
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o0
. Case We Know: Non- Irradlated.‘

- IS ‘
e Assume abrupt junction, £ e
constant SC S
* No trapping, no CM :

* At500V
— 180 V (FDV) to linear E _ :
— 320 V to constant E R R
= (1.1 + 1.2x(w-y)) V/um 100 V
— 2.1 V/pum @ y=50 um
* Inv,_, (y):1.62(a.u.) ..

sum

translates to 131 um/ns

* Caninvert E(v_, ) @ w w w m W
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1

. Can we scale to irradiated Si ? o

- d‘

plot max ]
e Keep scale for v ———

Vsum . - o0 1.
* Trivial: use v(E) for -20°C instead of & ! ?’/( T=20°C

(har
o

—
L

B

20°C
— big effect at high v, .
* Not so obvious: keep same laser / .
input B S
— expect ~10%, in fact looks even better T
3 v T — vy 190 um/ns
I - I —

1 i

0.5

0

L1 L L1 L L L1 L [N B L1 PR T N T N T T T A B
0 50 100 150 200 250 300 0 50 100 150 200 250 300
y (depth) [um] y (depth) fum]
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Trapping

* Naive trapping — reduce I(t) by e/"

— Independent of E, so v, just scaled up

— But t <<t at 10'°- no signal ??

 Have to invoke transfer function H(t)

— Reproduce /(t) for non-irradiated
— Model as CR-RC* with t,, = 0.8 ns

t
* Trapping correction with H(t) - Ctmp =fe‘”’H
0

e Correction calculated for nominal
trapping times 7, = 7, =1/B® with

B=4x101°cms

: scale boosted by +10% -> x2 ‘

sum

— For 10'° scale exceeds physical limit !

Niagara Falls, Sep 4, 2014
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Ak Charge Multiplication

Vpias=0 V Doq=1x10"¢ cm2

0.5

50 300
y (depth) [um] y (depth) [um]

e At 5x10% and 10'° no clear saturation in v, observed

* Taking nominal trapping correction both v, exceed
Vsum,sar = 190 um/ns (2.35 a.u.xC,, )

e (Clear sign of charge multiplication close to electrode

e Difficult to model, so give up modeling this region

Niagara Falls, Sep 4, 2014 Marko Mikuz: Silicon... 20



1 1 50 L1 1 1 00 11 150 11 200 11 250 11 laml L1

e Si@ 1O16 full of defects, so how do we get
Electrically Neutral Bulk ?

— Honestly, | do not know, but at low V there is a large
region with constant v_,_ thus constant E

sum

— Constant E implies no (net) space charge

— Generation current is known to generate linear space
charge dependence due to charging up traps
* Thus no generation current ?
* Thermal quasi-equilibrium, implying np = n?so ENB ??

Niagara Falls, Sep 4, 2014 Marko Mikuz: Silicon... 21
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ENB Sanity Check

- .
e Usually E=0 assumed in ENB it ]

— No signal due to charge recombination %} o(p)
e Heavily irradiated Si

— Large /.., high resistivity p i

— Need sizable E to transport /,., across

ENB P el  Result

A 16 W¢p= 56 um

Model 10*° @ .100 V Ervg = 0.053 V/um

— g, from SCR fit, p close to max Too good for coincidence !

— ..., 8enerated in SCR transported But what about trapping ?

through ENB by j=E,/p ] i
— Linear rise of E¢, ?r,-r""m.,q___ :
— V divided between SCR and ENB in a 0 = _
self-consistent way (quadratic equation) 53000

Niagara Falls, Sep 4, 2014 Marko Mikuz: Silicon... 22



fek ENB Result Implications 9@

- e ———m—— ®

* ENB not contributingto /. LG.K. etal., JINST 8 P08004 (2013)
— Significant /,,, reduction 10 | - y
— Observed in 10% exercise Z w0 E /7
> Very important for detector B M/ :
operation (noise, power) | DL
) 2y SCR reduction !
* Trapping would requirev,, ->E / o e
larger by ~2 i
.. . : - I.Poulsen{24hRD50; Bucharest)
— Significant trapping reduction g o ’ _r_
req u i red % jz : | + ——Kramb. (3=5.6)
— Hints presented by RD50 e o0 w ot X Svare. of tas
* Can we measure trapping 5w ﬁ.ﬁ

directly ? ’ p 0 .

fluence [10"4 cm2 neq]
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act trapping from /(t)
)y trapping
n Mathematica

haping CR-RC?, t., = 0.8 ns, nominal
g, reduced trapping by x2, 3

= 0.05 V/um irrelevant for /(t) shape
ate /(t), convolute with shaping H(t)

TXx3 5

Tx2 |

minal T ;

0.000 -




T Reality

- s ©®
 Measured /(t) in E-TCT 10 @ 100 V

. 1lel6 80m 100 V y= 25 um SCR
s-10umens | © Notreally what we

=480 Wi ENB hoped for

* Oscillatory behaviour
with period 5/4 ns

e Remarkable: same
form in ENB and SCR

R

Axis Title
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e FUdge

e Put oscillations with

().20 i 1 L4 v L T

observed frequency on ; | exs
top of induced signal, 015¢ X2
damped solely by ol pominal
trapping g |
— Reflections close to R ‘\
detector induce 0.00 W&v\
oscillations before actual ;
H(t) 2| -005 N~/
— Don’t ask about 00 B
underlying physics Time [as}
details...

 Then convolute with H(t)
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o0
. Fudged Signal Facing Reallty o0

by el ‘
Compare with t=2, 3,
4 x nominal
— Nominal t ruled out
anyway
v  Good agreement
v 3x longer t looks likea § = .
clear winner SoflaEntIERRCIRRRRED\ AT CARRRE. - iatcttis: MENENN
— Definitely not 2 or 4
— Implies ~20% trapping
correctiontov,,,

Niagara Falls, Sep 4, 2014 Marko Mikuz: Silicon... 27



EAE Conclusions 8o

- ~‘

e We irradiated S| with neutrons up to 1.6x10'" n_ /cm?
and provide a “magic” formula for Q(V) above 1015 Neg
cm?

e Based on E-TCT, we present a simple model for neutron
irradiated silicon detector with 3 distinct regions
 We observe
— Reduced acceptor introduction in SCR
— No current generation in ENB
— Reduced trapping by factor of ~3 at 10'° n__/cm

* All this is highly beneficial for Si operation at HL_LHC
ERBLL...
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] To-Do List

.L 4——6‘

» Produce E(y) plots
» Solidify trapping time extraction

— Get rid of oscillations ?
e Had it much better in 2009...

— Better modeling ?
* S(w) for reflections ?

» Get E-TCT up to 10'/n,,/cm?
— Does the model survive ?

* Field model applies to neutrons only

— Pion-induced field completely different:
~parabolic E

» Conduct PS proton campaign

Niagara Falls, Sep 4, 2014 Marko Mikuz: Silicon...
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Backup Slides
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Backplane SCR o

- ———eeene ©

E - 3 o ® Omin
= 180— =, 180 " 10 min
¥ - c 15 2 = C
§ 160/ 1x10” cm § 160
?~ - .>- : v . - 15 2
C C min
120 © 1x10" cm? . 1201~
- Yy M - Taidpmgn "
— ¢ 100\~ 3z #ele
100: '.'-'==."'if1{';';';'r’-""Iv:’: E " !.‘!,":x':: ..... ';;
80_— II-:. vlv‘!‘,_}.-‘_.;,‘:3!5.i';. 80__ V,K‘il.‘:o.....
- ] !‘ Yo l-' C )1’ T ee®®
60:— f';l.'\ lIl.. 60:—!.|o.
40— 40 "
20 201
0:1 A T T T I I T T B P = I U B I B I S B
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Vias [V] Vpias [V]

 SCR at backplane with positive 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 /., (isnp =n? ?)
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o
- SERRRR——— ®
 For LHC, initially very little Si was
envisaged for tracking

— 2/3 layers in barrel only for ATLAS LOI -
— Majority MSGC, some GaAs, diamond
— Radiation hardness, price

* During project execution Si remained the

. Silicon — material of choice

ATLAS LOI

only tracking sensor i
— Except TRT in outer ATLAS tracking
e Still ~70 m? of Si CMS Tracker
— CMS all-Si with ~200 m? of active sensors r1[;r:1i]°'1 r = N -
* These trackers perform extremely well wo e R hﬂ
at LHC o é?,’;fl fi_j,' == BRI AR AR as)
* Can performance be extended by an e N e
order of magnitude in radiation fluence ? °, ﬁ?.’ : s" B
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fie Past Experience 8o

e Extensive R&D for >20 years
— RD-20, -48, -50

IFIuence: 80x10" nicm? | 8X1015 n sz

* Three effects of radiation 004260/
E e Forward Bias 3

¥ Leakage current 0.4F ® Forward 3

io\( Space Charge 0.35 ;— 250V v Standard operation —z

a 03E m DC electrons 3

% Trapping §0.25§— e S E

. . P .. 3

» All sorts of tricks applied 0.2 2 = Treee S
: 0.45F "=y | =

— New materials 0.1;_,_---/ : E

— Low temperature 005 .

Ey b b v b b b b e Y
180 -160 -140 -120 -100 80 -60 -40

— Field manipulation .
(d) Temperature (°C) PN

— Forward bias
— e l. Mandi¢ et al. NIM A533 (2004) 442

10 years ago trapping (and space charge) appeared detrimental for
operation beyond ~10™ n_./cm?

X
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= New Hope

- ——eeeee ©

Collection of electrons on n* read-out strips
proved essential for detector operation
beyond 10% n, /cm?

— Junction grows from n* side

— Electrons move faster

— Electrons trap less

CCE quasi-linear with V, no saturation ?!

Severely inconsistent with simulations
based on measured trapping and acceptor
introduction at low fluences

— Trapping, space charge not linear with
fluence ?

Collected charge (ke)

Signal[e]

18 /r
16 22
o e
14 //?
12 e %
10 g 2~
: >
6 // & After 3 10" n/cm?
4 O After 1.6 10" n/em?
2 -
0 . . . . .
0 200 400 600 800 1000 1200

Bias (V)

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

25000 o
?\ 4 measured
20000 H simulpted - ATLAS geom.
b \ N —0.007{0,,
15000 | - Visk =900
C \+ T=410°C
L [ -
10000 [ et
I — i
5000 H '.-~-.; ‘
3 J 1 SIS SIS SRR SFRTEE SR S
0 10 20 30 40 50 60

G. Kramberger et al. NIM A579(2007)762
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B Anno Mirabilis 2008 @@

In 2008 evidence for even higher CCE 2100 %
obtained with n*p strips using SCT128A (25 ns)

30000 [T
gzmoaE 25000 { : e l{ .

5 = o
220000 ge9- @ i < : rif T
ws | E e 3 3 ] N ¥ ) o
2 18000# F g ‘ ,
S 16000F 2 = & i /l =K ; 4 |
g o 15000 | (L& /5% W P B
& 14000 v - B . AA 29 2 ,{, I
[ 12000 i o + p " 3 ~Y 5 %‘:”:
§ )r/ ® @ = 0.n/ent S 10000 F B - 4 I
a IS g s b= 0nlcm2
10000 3 1 . %
o AV M ® = 5214 n/cm B + i'_%?:}?f:ir- m®=5.10"" nicnf -
oE Y ¥ A ©=16e15 n/cnt S 5000 - A ®=1.6-10" nicné]
6000 T o ¥ & = 315 nfecm’ F v ©=3.10" n/cnf
E ¥ .
40005 Black: T ~-20 C 0 ;".. Lot g s b 1o a Lol l.’l.l)[:‘."‘q .nlqnf
2000¢ Biue: T<140to-80'C 0 200 400 600 800 1000 1200 1400 1600 1800 2000

11 111 111 111 111 11 111 11 111 11 L
% 200 400 600 800 1000 1200 1400 1600 1800 2000 Bias Voltage [V]
Bias Voltage [V]

Measurement of charge collection in p-type Observation of full charge collection efficiency
microstrip sensors with SCT128 chip in heavily irradiated n*p strip detectors
|. Mandic¢ et al., 12th RD50 Workshop , June 2008 irradiated up to 3x10'° neq/cm2

l. Mandi¢, et al., RESMDDO0S8, October 2008

NIMA(2009), doi:10.1016/j.nima.2009.08.004
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= What'’s going on ? 4

30000 e L
o b ] ol [t ecwses o Measurement of anomalously high
P ER) —ewwmmowe 2 charge collection efficiency in n*p
‘§ 1500 187 I strip detectors irradiated by up to
e 1 O E © 10%n, Jem?
d T et B 1 1.Mandié et al. NIM A603(2009)263
e ey

CCE results clearly incompatible with simulation based
on N, and trapping data from lower fluences !

Summary of simulation results and comparison with measurements.

Doy (nfem?) T. (NS) Tr (NS) Simulated charge (ke) Measured charge (ke) Bias (V) Vo (V)
5 x 10 417 3.77 17.8 V>V and 900 600

16 x 10° 1.30 118 11.1 . P 1200 1900
3% 10 069 0.5 2? no trapping ¢ 1 00
D ——

Thin detector

16 x 10° 1.30 118 7.4 700 450

The bias is the voltage at which measured values were taken. Vi is the calculated full-depletion voltage for the pad detector geometry and the space charge concentration

calculated from N.g = g x @y, where g. = 0.017cm .
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Charge Multiplication

@
- _-—-—a‘

ae,h (E) — a:he— en! E

A. G. Chynoweth, Phys. Rev. 109, 1537(1958).

 Multiplication is textbook physics

— e.g. S.M. Sze, Physics of Semiconductor Devices,
Wiley, New York, 1981

e Ch 1.6.4 High-Field Property

.....................

10F

T

* Ch 2.5.3 Avalanche Multiplication

coefficient [1/pm)

holes

e Measured impact ionization

— Electrons create 1 pair in 10 um at £~20 V/um (100
um at 14 V/um), holes need E~40 V/um

— Holes need ~1 mm for pair creation at £~20 V/um 104 B
* Neglect hole multiplication in signal creation altogether

e Need to invoke hole multiplication for junction
breakdown

* a,>>a,- Nature gentle to us (in silicon)

— large range in E where electrons multiply
without inducing breakdown

— But beware of (too) high electric fields !

0.01

0.001 F

Impact ionization

Electric ficld [V/um]
R.VAN OVERSTRAETEN and H.DE MAN,
Solid-State Electronics 13(1970),583-608.
W.MAES, K.DE MEYER, R.VAN OVERSTRAETEN,
Solid-State Electronics 33(1990),705-718.

X

f (a,(x )-ay, (x)) dx
f dxa,(x)e ° =1

Breakdown condition, can swap a, with a;,
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die Multiplication observed :‘

- e —_—_— el ®
» F=20(14) V/um needs field peaking
— Homogeneous E: V=6000(4000) V for d=300 pum
— Space charge, electrode shape sharpen up E
— To get multiplication: V >> E/a, = 200(1400) V

* Clear advantage of high E in limited region (APD’s !)

Observed in

!
|

—_—
IZL: e
i
-

1—

N
o

— Strip sensors =TT ] .
_ Eiigiii 3 i ¢ 3 2 . 0x10::ncmz 20 o
° g 20 + E § § § § . I n | o 1x10"nem g . E E E p :m-z
* Laterin SRR G
8 15 i 3 ) H 3 ki # § : ® o
% §§§§ ;i i ¢ %10 iiggggﬁiiii o
- - z [ ¢ 4 2 2
= Pad detectors f-[ii:iiie S L
3D o 5L z z;;i.-*y (S § 0 §2§§§§§vy
° 0 200 400 600 8(1)0 1OIOO 12|00 14I00 2X 10 16 ° (I) . 2(I)0 . 4;0 . 6;0 . 8(I)0 . 10I00 . 12I00 . 14IOO . 16|00 . 1800
N Bias Voltage (V) Bias Voltage (V)
— Pixels

G. Casse et al. NIM A 636(2011)56
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- Over0, 3x10% & 1x101 -

Depletion ?

30000 18000 8000
nirr. L J 'j 7‘ | 108 \ ‘1‘0‘1‘6 \c;nwi \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
— . A 16000 "
T 25000 prr s O % _7000\ -
= — a4 [ . u e
:u% ‘§ @ 14000 . A ‘o 6000 thin sample [ e
g 20000 = 12000 thin sample ° g \ ;ﬁx -
(3] . S i~ < 5000 u $n
o " thin sample o 10000 A : u sS4
& o = o ¢
g 15000 3 0o JE e S 4000 N
-g ] " m'mm " R g -g "] A-.g% g .‘;
= - o <) P
S 10000 . 2912-2 29123 m28855 | & 6000 et g 3000 . 4
2 . 2 §o 429122 2912-3 m2885-5 | 4 » 2 +29123 m2885-
o ©293510 24887 429352 | B 4000 s % 2000 . K/‘ifﬁ_ 29122 +29123 m2885-5
€ 5000 g Uil ©2935-10 +2488-7 4 2935-2 g w o8 0293510 24887 429352
®2935-3  -2935-4 2935-5 2000 % PR 429353  -29354 - 29355 1000 - u° 229353  -29354 - 29355
o ¢2935-6  x2935-7 = 29359 0 u? ©2935-6 x2935-7 m 29359 & . 2935 6 2935 7  m=2935-9
0 \\\\\\\\\\\\\\\\ ] T Y T ] T Y
0 50 ) 100 150 200 250 0 200 400 .600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
bias voltage [V] bias voltage [V] bias voltage [V]

* No influence of different processing

3000

— At least no systematic one... o

* Hint of “depletion” for the thin AR LEEEEEL
dEteCtor -‘élsoo

[ ]

25 ns shaper not optimized for noise ., O
— Noise ~2000 e before irradiation 0

¢2935-6  x2935-7 m29359

(] 50 100 150 200 250
bias voltage [V]
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] Have we won ?

- SEEEE—-— ®
e Well, the signal is there... but what about current & noise ?

— If signal gets multiplied (M) so does the current
* |n fact even more due to de-trapping (M, > M)

1
1.2E-04 S 40
e 2488-7 . .1017 -2
. 29355 . -.1.6 10 cm 120
1.0E-04 = 2935-9 1.;“ 51105 em
4 2935-3 .
< o "\‘ " i 100
= 8.0E-05 . “ W siosem 2
4 LI S 80
5 ‘ v ¢ B =
S 6.0E-05 Y, 4 210 cm* 5
[T ® ¥, n o Wo o
an . Ly . 1.10% cm g 60
© L Tt e I T S
S 4.0E-05 L IRTRR L N T P =
- mA A * o 1 [J]
‘ ’. » n ] 40
‘ R o e ..o ®
% A&“ TR ) at 310
2.0E-05 SRR LAY m
& Ty U A 20
AN e
Rannn” *
0.0E+00 L T T 0
0 500 1000 1500 0 50 100 150 200
bias voltage [V] @, [10%° cm?]

...true, until above 2x10'® recombination kicks in !
— Current starts to saturate

Niagara Falls, Sep 4, 2014 Marko Mikuz: Silicon... 40



* Noise results in interplay of sensor and

e When CM present, noise enhanced by

electronics

— Sensors contribute through C,,, to

voltage and /.., to current (Shot) noise,

added in quadrature

— |n fast electronics voltage noise tends to

dominate

excess noise factor F; F(M=1) =1,

F(M>>1)=2

4000

3500

3000

A ‘éﬂ“’

— 2500 %ﬁiﬂm@ folefsie

— R.J. McINTYRE, IEEE TED13(1966)164 ENC,,

for details

Impossible to tell apart contributions

of CM and recombination
— CM decrease at highest fluences ?

Niagara Falls, Sep 4, 2014

Marko Mikuz: Silicon...
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@ 3el5cm-2
¢ lel6 cm-2
M 2el6 cm-2
A 4el6 cm-2
O08el6 cm-2
01.6el7 cm-2

500 1000
bias voltage [V]

\/260

1500

I t~F-M,

gen
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e Annealing

d % M
* 6 samples with different processing after 10'° neq/cm2
— Steps: 80, 320, 640, 1280, 2560, 5120 min @ 60°C

18000

18000 ] 18000
CCE 16000 | 20122 320 min ] 16000 & ®29122 1280 min * 16000 | 20122 5120 min
©2912-3 ~ % 3 X ; p

__ 14000 © ] 14000 | *29123 X X 14000 | 29123 ..®
) A 2935-2 — 42935-2 X i Eoa . X *
& 12000 | . * @ 12000 X L 2000 | 429352 m ¢
o X 2935-7 t | n x X o X 2935-7 o f %2035.7 *
= 10000 x a0 1 . L] o0 £ o
e % 2885-5 X g 10000 - X = £ 10000 © x &
s ) : s % 2885-5 v " | o [ x2885-5 %
=] L X b - o P
o 8990 © 4503510 X 5 ;*” S 899 b 6203510 " s o 9000 b oe3s10 g
$ e000 - X r " § 6000 X iy ! 5“ > % 000 | X m
£ X o™ Q‘ . ! E

4000 © X ' € 4000 %« X mBY £ £ x ¥

« _‘)\\\ ‘e !,‘ 4000 © -
X J r Y
2000 ML su® . 2000 <& X8 2000 © ﬁﬁ 1
o . ' 0o L5 o [ m #%
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
bias voltage [V] bias voltage [V]

hiac valtaca /1

* All samples exhibit similar annealing
— As already observed, reverse annealing enhances CI\/I

16000 9000

° G ﬁ by 50 o 8000 -
a I n O Set B i:::: .3zomr:1nin ° 7000 © :?Z)Omr:in
[) i £ A ]
increased noise S o0 | o e ssome )
. _«"::v soo0  *2560min K 7 X x L'L-f.! %::: xaseomin o o ¢ ‘ (
e Could still be §oam U e Sao T iiiate
o X on
b ﬁ o | f | I € 4000 7 ‘i‘ﬁ n » 2000 &Q Mﬁtﬁ% va
enerticla Oor sma 2000 g{lﬂ?‘&u 1000 §
° 5 % F ) ) . . . . . ) . ) ) L
Stru Ctu Fes e-g p|Xe|S * 500 1000 1500 ° 0 500 1000 1500

bias voltage [V] bias voltage [V]
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o Thin detectors
@
- e —eseeed

1 7mm SI4E E’YI IU;IVLZH(IJZ/EJ 22 24

Seen to provide more signal after heavy RN
irradiation at “low” V i y % collisions’
500 M (AYM () 068
— Less charge sharing for inclined tracks : P» o °e”ergy 2
— Less ionization signal, more fluctuations
* Bichsel, Rev.Mod.Phys.60(1988)663; PDG o e
— Additional fluctuations from trapping, CM Coal N ey
 Rely on Central Limit Theorem ? 2,0 Rt en
— Best measure MPV-> S/N-> spectrum on actual . TN s
device in test beam e

Efficiency vs. noise occupancy as function of =~ " s
threshold - ultimate info for (binary) tracking - S—

/2
I
<
S~
M

FWHM = 4§ = 2K -(Z/A)-(x/ ) MeV s 1
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