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Overview
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e The RD50 Collaboration

 Motivation: HL-LHC (“S-LHC”) & radiation damage
 Defects and effective doping concentration

* Electric field after heavy irradiation

 Charge multiplication: signal and noise
 Annealing

 Conclusions and outlook

 Several RD50 colleagues are at TIPP 2011, presenting related work

* This talk tries to focus on some important areas of RD50 activity, whilst
avoiding unnecessary duplication of topics from other talks
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The RD50 Collaboration 2
Albert-Ludwigs-Universitit Freiburg (aa)
RD50: Development of Radiation Hard Semiconductor EE_

Devices for High Luminosity Colliders

Cooperation across experimental boundaries for ATLAS,
CMS, LHCb and many smaller collaborations

38 European institutes
Belarus (Minsk), Belgium (Louvain), Czech Republic (Prague (3x)), Finland
(Helsinki, Lappeenranta), Germany (Dortmund, Erfurt, Freiburg, Hamburg,
Karlsruhe, Munich), Italy (Bari, Florence, Padova, Perugia, Pisa, Trento),
Lithuania (Vilnius), Netherlands (NIKHEF), Norway (Oslo (2x)), Poland
(Warsaw(2x)), Romania (Bucharest (2x)), Russia (Moscow, St.Petersburg),
Slovenia (Ljubljana), Spain (Barcelona, Valencia), Switzerland (CERN, PSI),
Ukraine (Kiev),
United Kingdom (Glasgow, Lancaster, Liverpool)

8 North-American institutes
Canada (Montreal), USA (BNL, Fermilab, New Mexico,
Purdue, Rochester, Santa Cruz, Syracuse)

1 Middle East institute

Israel (Tel Aviv)

257 Members from 47 Institutes
Detailed member list: http://cern.ch/rd50
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Scientific Organization of RD350

e CERN
RD50 o , L
Development of Radiation Hard Semiconductor Devices for High Luminosity Colliders
1 > 4 4 4
Co-Spokespersons
Gianluigi Casse and  Michael Moll
University of Liverpool CERN PH-DT
Defect/ Material Defect Pad Detector New Full Detector
Characterization Engineering Characterization Structures Systems
Mara Bruzzi Eckhart Fretwurst Gregor Kramberger Richard Bates Ghaniuigi Casse
(INFN and Uni Florence) (HamburglUniversity) (Ljubljana University) {Glasgow University) {(Liverpool University)
Charactetization of Developm ent and «Test structure *3D detectors “LHC-like tests
mictoscopic properties testing of defect characterization *Thin detectors *Linksto HEP
of standard-, defect engneered silicon: IV,CV, CCE «C ost effective sLinksto R&D
engneered and new - Epitaxial Silicon «NIEL solutions of electronics
materials pre- and - High res. CZ, MCZ *Device m odeling «C om patison:
post-itradiation - Other im purities *Operational pad-mini-full
H. N, Ge, ... conditions detectors
z Them alidc!nors *Commonitradiations
* Wodean— Wor1.< shop on - Pre-itradiation *Standardisation of »3D (R Bates) *Compatison of
D‘e.fect Analysis in m easurem ents =Semi3D (Z.Li) detectorsmade
Smcoq Detectors " Wafer procurem ent (& Chilingarov) »Thinned detectors by different
(G Lindstroem) (M. Moll) = New Materials (M B oscardity) producets
(E. Vetbitskaya)

CERN contact: Michael Ioll

Michael Moll




The Radiation Challenge 2
R 2
. LHC Upgrade will 2o
seriously increase Expected ATLAS Radiation Field
radiation levels | N /cm?

— ATLAS scenario for 3000fb ;E: = -
(HL-LHC or Phase ll) = 100
. 10"
 Very strong radial and
significant z dependence —
 HL-LHC is entering new 60 ] 10'°
area of fluences above
10'°N,,/cm? at low radii a0 22
15
« LHC silicon sensors would ¥
. . 20
not survive this for long
* Need to develop new o] — =
generation Of radiation ° 5?“\TLAS ;&tlatio:fgdovic flg:glas &I2a5r|0Dawso3n00 390 400
hard silicon for HL-LHC z(cm)

* Radiation hardness requirements (including safety factor of 2)
©  2x10% n,/cm? for the innermost pixel layers
©  1x%x10" n,/cm?for the innermost strip layers
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Radiation Damage in Silicon
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I.  Surface Damage due to lonizing Energy Loss (IEL)
Il. Crystal (Bulk) damage due to Non-lonizing Energy Loss (NIEL)

» Defects in the crystal

" ” Vacancy
= Point defects and "cluster” defects +
=> New energy levels in the band gap Interstitial

E \
© \_/4 electrons/<

+ donor
— / holes
EV acceptor \
charged deep traps (e and h), deep traps,
defects recombination centres generation centres

=Ngsr, Vgop = Charge Collection  — Leakage current
Efficiency
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Radiation Damage |: Doping 2
Albert-Ludwigs-Universitit Freiburg (aa)
g
* Normalise dose @, to
damage of 1-MeV-nheutrons
° Damage 5000F 110°
— Several types of ~ [ —
electrically active defects 1000 1102 ".’E
— Charged defects affect 8 200 ; >
doping concentration ° [ | -
. > lOOE— 101 o
* Net effect: n-type Si S 50F —
becomes p-type o 3 : —
stype inversion® S 1(5)5 : 10 &=
= Space Charge Sign Q F n-type ¢ "p - type" f 7
Inversions (SCSI) 1L b —
- Detector becomes p-in-p 107 107 10" 102 107wmen
(still with n back side) D, [ 1012 a2 s o B, Waaster 52

° p-n-junction changes to
back side for p-in-n Si

 This creates problems...
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Partial Depletion after Type Inversion

Albert-Ludwigs-Universitéit Freiburg

O
e
=
- .
* Full depletion voltage V, T 1 [ [ zczp""

grows with ®

e Bias limit impose (breakdown
or HV power supplies)

e Strips end up in un-depleted
silicon layer t

— No measurable charge EE + -
generated in this layer

— Strips are “shorted”

— MIPs create larger cluster,
which may hide in noise

— Problem for binary readout
and small pitch

e Strips should be on back side
* N-in-p detectors

undepleted Si, no field

Min. Signal threshold in FE ASIC

suljjoD ejned

o
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Radiation Damage |l: Current 2
. o2
=
Albert-Ludwigs-Universitéit Freiburg m
L
10_1 ' R ' o] m
‘ .New energy 'eve.ls deep . n-type FZ - 7 to 25 KQcm
in band gap, acting as LI © ntype FZ-7KQem
generation centres — 107 n—typeg-;tlégm 3
* Reverse current 5 | . D pEPl. 2 and 4 Ko
increases < 107
» Effectindependent of - rtype FZ.- 750 Qe
tSyllorr(;aterlal or particle E 107} netype FZ - 410 Qom
A n-type FZ - 130 Qem
* Radiation-induced < 107} ‘ Egpf:g;iiggcg
current dominates | o p-type EPI - 380 Ocm
[ ] oo 1011 1012 1013 , 1014 1015
;l — VOI,/ = + aq)eq (I)eq [Cm' ] [M.Moll PhD Thesis]
* Increased shot noise
* {vol has v?ry strong * Increased power
deemgﬁaae r‘:(’;g dissipation (heat)
p| doubles ~each 8° * Risk of thermal
vol runaway
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Radiation Damage lll: Trapping

Albert-Ludwigs-Universitéit Freiburg

Defects also act as
trapping centres

Reduction of collectable charge

Trapping quantified as effective
trapping time t,,,, for e and h*

Trapping limits charge collection
distance, even at max. drift
velocity

Trapping is dominant radiation
effect at 10'°n,, and above

Trapping similar for e and h*
Collection time ~3x smaller for e-

Radiation hard detectors
collect e-

Need n-side readout
(n-in-p or n-in-n detectors)
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Inverse trapping time 1/t [ns']

1 UNI
| FREIBURG

24 GeV/c proton irradiation

e data for electrons
o data for holes

[M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmund]

2107 4107 6107 §10% 10

particle fluence - @, [cm”]

T, (IOISneq) = 2ns

T, (1016neq) =0.2ns

W=V, T, = 200um

w=y

salofp = 20 um
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Effective Doping Concentration N_¢
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e Epi-Silicon irradiated with 23 GeV protons vs
reactor neutlronsl

2%10™ —L 1 — 1 600 50 comparison of TSC spectra
< normalised to ® =1x10" cm?
reactor neutrons: o +SC A
" exp data S = — neutron irradiation
1x10" - o fit (Hamburg model) | 400 40 - . proton irradiation
n 23 GeV protons: ! K
+ A expdata S . - b | annealing time: 20 min at 80C |
fit (Hamb del € "
R 10" ] r it (Hamburg model) §| @ :é; 30 4 Il
K= 2 B {R! -SC
ey o - -
S positive space charge z c 11l V_+cluster
= 0 - -0 S » 204
=z Q Q
b5 w
a o
-5x10" o - 200 10
\ negative space charge
-1x10" T T T T T 400 0 T T T T T 1
0 2x10" 4x10" 6x10"° 8x10" 1x10"® 0 80 100 120 140 160 180 200
. 2
1 MeV neutron equivalent fluence @, (cm™) Temperature (K)

* SCSI “Type Inversion” after neutrons but not after protons
e donor generation enhanced after proton irradiation
* microscopic defects explain macroscopic effect at low ®,

[Pintilie, Lindstroem, Junkes, Fretwurst, NIM A 611 (2009) 52—-68]
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Neutron irradiation

Albert-Ludwigs-Universitéit Freiburg

-3
N, (cm™)

TSC signal (pA)

2x10"

1 1 1 1

600

1x10™ o

5x10"

—+SC

-5x10"

-SC —

-1x10™

reactor neutrons:
= exp. data
fit (Hamburg model)
23 GeV protons:
A exp data
fit (Hamburg model)

positive space charge

Scsi

negative space charge

- 400

I 200

200

400

o -

50

T T
6x10" 8x10"

1 MeV neutron equivalent fluence @, (cm?)

T T
2x10" 4x10" 1x1

0"

comparison of TSC spectra

40 4

o+
1)
O

= — neutron irradiation
proton irradiation

normalised to “’.q=1 x10™ cm?

1 E(30K)

[ annealing time: 20 min at 80C

e

|

il
L
i

V_*cluster

T T T
140 160 180

T
100 120

Temperature (K)

200
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Epitaxial silicon (Err-00, 72um, 170Qcm, diodes)
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FREIBURG

irradiated with reactor neutrons

Depletion voltage (V)

n-Typ

Donatoren
1

p-Typ

H(140K)
Akzeptoren

Ulrich Parzefall,

sity of Freiburg




Neutron irradiation
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o «~ Epitaxial silicon (ErI-D0, 72um, 170Qcm, diodes)

reactor neutrons: ° d ° t d ° th t t
. = oxp.data w0 irradiatea wi reactor neutrons
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data g
. 5x10° 4 T fit (Hamburg model) | 200 g
? £
g positive space charge ]
~ =
% 0 FoO S
z °
\ scsl g
[a}
-5x10" I 200
o
P negative space charge
-1x10™ T T : T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
1 MeV neutron equivalent fluence @, (cm?)
50 comparison of TSC spectra
< normalised to ® =1x10" cm?
5+SC Fea”
o —=— neutron irradiation
40 “; ' proton irradiation
- T
. ;‘. > [ annealing time: 20 min at 80C |
T i
E 'SC
c
= V_+cluster H(140K)
Q
2 Donatoren Akzeptoren

T T T T
100 120 140 160 180 200

Temperature (K)
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Neutron irradiation
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o «~ Epitaxial silicon (ErI-D0, 72um, 170Qcm, diodes)

reactor neutrons: ° d ° t d ° th t t
. = oxp.data w0 irradiatea wi reactor neutrons
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data g
. 5x10° 4 T fit (Hamburg model) | 200 g
? £
g positive space charge ]
~ =
% 0 FoO S
z °
\ scsl g
[a}
-5x10" I 200
o
P negative space charge
-1x10™ T T : T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
1 MeV neutron equivalent fluence @, (cm?)
50 comparison of TSC spectra
< normalised to ® =1x10" cm?
5+SC Fea”
o —=— neutron irradiation
40 “; ' proton irradiation
- T
. ;‘. > [ annealing time: 20 min at 80C |
T i
E 'SC
c
= V_+cluster H(140K)
Q
2 Donatoren Akzeptoren

T T T T
100 120 140 160 180 200

Temperature (K)
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Neutron irradiation
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o «~ Epitaxial silicon (ErI-D0, 72um, 170Qcm, diodes)

reactor neutrons: ° d ° t d ° th t t
. = oxp.data w0 irradiatea wi reactor neutrons
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data g
. 5x10° 4 T fit (Hamburg model) | 200 g
? £
g positive space charge ]
~ =
% 0 FoO S
z °
\ scsl g
[a}
-5x10" I 200
o
P negative space charge
-1x10™ T T : T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
1 MeV neutron equivalent fluence @, (cm?)
50 comparison of TSC spectra
< normalised to ® =1x10" cm?
5+SC Fea”
o —=— neutron irradiation
40 “; ' proton irradiation
- T
. ;‘. > [ annealing time: 20 min at 80C |
T i
E 'SC
c
= V_+cluster H(140K)
Q
2 Donatoren Akzeptoren

T T T T
100 120 140 160 180 200

Temperature (K)
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Neutron irradiation

Albert-Ludwigs-Universitéit Freiburg

2x10" L L L L ! 600
reactor neutrons:
1 = exp. data 400
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data
5x10"° T fit (Hamburg model) 200
X - -
e~
g positive space charge
\_% ol Lo
P4
\ scsl
-5x10" - 200
Q
P negative space charge
-1x10™ T T : T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
. -2
1 MeV neutron equivalent fluence @, (cm™)
50 comparison of TSC spectra
< normalised to ® =1x10" cm?
5+SC Fea”
8 —=— neutron irradiation
40 4 ! proton irradiation
- T
. 3 b [ annealing time: 20 min at 80C |
T i
E 'SC
S V_*cluster
»
(@]
(]
-

T T T T
100 120 140 160 180

Temperature (K)
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200

Depletion voltage (V)

UNI
FREIBURG

Epitaxial silicon (eri-po, 72um, 170Qcm, diodes)
irradiated with reactor neutrons

n-Typ p-Typ

H(140K)

Donatoren Akzeptoren
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Proton irradiation

Albert-Ludwigs-Universitéit Freiburg

UNI
FREIBURG

o «~ Epitaxial silicon (ErI-D0, 72um, 170Qcm, diodes)

reactor neutrons: ° d ° t d ° th 2 3 G V t
. = exp.data w0 irradiatea wi ev proions
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data g
fit (Hamburg model)
— 5x10" T I- 200 %
g positive space charge ‘:3
o Lo §
z °
\ scsl g
[a}
ey I 200
"3 T T
P negative space charge n - y p p - y p (I)
-1x10™ T T : T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
1 MeV neutron equivalent fluence @, (cm?)
50 comparison of TSC spectra 1
— . — “_ 2
<+SC normalised to 'd:.q-‘1x.10 cm
o =— neutron irradiation
40 “; ' proton irradiation T
- T
. ;‘. > [ annealing time: 20 min at 80C |
< 30 il SC
: . ‘ -
©
c -+
2 0 V. *cluster H(116K)J H(140K)JH(151K)
Q
2 Donatoren Akzeptoren i
104 1 1
0 T T T T
0 100 120 140 160 180 200

Temperature (K)
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Proton irradiation
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o «~ Epitaxial silicon (ErI-D0, 72um, 170Qcm, diodes)

e irradiated with 23 GeV t
. = exp.data w0 irradiatea wi ev proions
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data g
. 5x10° 4 T fit (Hamburg model) | 200 g
? 8
g positive space charge ‘:3
~ =
% 0 FoO S
z °
\ scsl g
[a}
5x10" I 200
"1 T T
«? negative space charge n- yp p- y p (I)
-1x10™ T T T T T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
1 MeV neutron equivalent fluence @, (cm?)
50 comparison of TSC spectra 1
< normalised to ® =1x10" cm?
<+SC 19600 Beg= X
o =— neutron irradiation
40 “; ' proton irradiation T
- T
. ;‘. > [ annealing time: 20 min at 80C |
” I = 4+
a 30 o I
= i1l -SC
©
c +
2. V. *cluster H(116K) | H(140K)
Q
3 Donatoren Akzeptoren +
104 1 |
0 T T T T
0 100 120 140 160 180 200

Temperature (K)
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Proton irradiation
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o «~ Epitaxial silicon (ErI-D0, 72um, 170Qcm, diodes)

e irradiated with 23 GeV t
. = oxp.data w0 irradiatea wi ev proions
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data g
5x10° 4 T fit (Hamburg model) | 200 g
G 8
g positive space charge ]
o Lo §
z °
\ scsl g
[a}
-5x10" o - 200 T T
P negative space charge n - y p p - y p (I)
-1x10™ T T T T T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
1 MeV neutron equivalent fluence @, (cm?)
50 comparison of TSC spectra 1
< normalised to ® =1x10" cm?
5+SC Fea”
o —=— neutron irradiation
40 “; ' proton irradiation T
- T
. ;‘. > [ annealing time: 20 min at 80C |
” I = -+
o 30 o T
‘_(; 1| -SC
c -+
= . V_+cluster H(140K)
Q
2 Donatoren Akzeptoren
104 1 1
0 T T T T
0 100 120 140 160 180 200

Temperature (K)
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Proton irradiation

Albert-Ludwigs-Universitéit Freiburg

-3
N, (cm™)

TSC signal (pA)

2x10" L L L L ! 600
reactor neutrons:
1 = exp. data
X107 ¢y fit (Hamburg model) J [~ 400
(72} 23 GeV protons:
+ A A exp data
5x10° 4 T fit (Hamburg model) | 200
positive space charge
0 Lo
\ scsl
-5x10" - 200
Q
P negative space charge
-1x10™ T T T T T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
. -2
1 MeV neutron equivalent fluence @, (cm™)
50 comparison of TSC spectra
< normalised to ® =1x10" cm?
5+SC Fea”
8 —=— neutron irradiation
40 4 3 ! proton irradiation
- T
% > [ annealing time: 20 min at 80C |
30 4
il -SC
V_+cluster
20
10
0 T T T T
0 100 120 140 160 180 200

Temperature (K)

Depletion voltage (V)

UNI

irradiated with 23 GeV protons

n-Typ

Donatoren

p-Typ

H(140K)
Akzeptoren

Ulrich Par:

ty of Freiburg
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Epitaxial silicon (Err-00, 72um, 170Qcm, diodes)




Proton irradiation
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o «~ Epitaxial silicon (ErI-D0, 72um, 170Qcm, diodes)

e irradiated with 23 GeV t
. = oxp.data w0 irradiatea wi ev proions
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data g
5x10° 4 T fit (Hamburg model) | 200 g
G 8
g positive space charge ]
o Lo §
z °
\ scsl §
-5x10" o - 200
P negative space charge (I)
-1x10™ T T T T T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
1 MeV neutron equivalent fluence @, (cm?)
50 comparison of TSC spectra 1
< normalised to ® =1x10" cm?
5+SC Fea”
o —=— neutron irradiation
40 “; ' proton irradiation T
- T
. ;‘. b [ annealing time: 20 min at 80C | P‘
< 304 il Dotierung
3 il -SC
c
= . V_+cluster H(140K)
Q
2 Donatoren Akzeptoren
104 1 1
0 T T T T
0 100 120 140 160 180 200

Temperature (K)
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Proton irradiation
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o «~ Epitaxial silicon (ErI-D0, 72um, 170Qcm, diodes)

e irradiated with 23 GeV t
. = oxp.data w0 irradiatea wi ev proions
X107 ¢y fit (Hamburg model) [
(72} 23 GeV protons:
+ A A exp data g
. 5x10° 4 T fit (Hamburg model) | 200 g
? £
g positive space charge ]
o Lo §
z °
\ scsl g
[a}
-5x10" I 200
o
P negative space charge
-1x10™ T T T T T 400
0 2x10" 4x10" 6x10" 8x10" 1x10"®
1 MeV neutron equivalent fluence @, (cm?)
50 comparison of TSC spectra
< normalised to ® =1x10" cm?
5+SC Fea”
o —=— neutron irradiation
40 “; ' proton irradiation
- T
. ;‘. b [ annealing time: 20 min at 80C |
E_ 30 i !
3 il -SC
= " V_+cluster H(140K)
Q
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0 T T T T
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Mixed Irradiations: Neutrons and Protons

Albert-Ludwigs-Universitéit Freiburg

HL-LHC experiments will be
exposed to both charged
hadrons and neutrons

Small radii: pion dominated
Large radii: neutron dominated

Expect damage from different
particles to add up

* = “total fluence ¢’

» Affects V,,, CCE and
leakage current in the same
way

Measure what happens after
mixed irradiations

RD50 Status Report, TIPP 2011, Chicago

O
(a4
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sh| : _
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Mixed Irradiations: Change of N_

Albert-Ludwigs-Universitéit Freiburg
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 S-LHC detectors see charged hadrons and neutrons

* NIEL Scaling: Damage should add up. Irradiate in two steps:
* First step: Irradiation with protons
 Second step: Irradiation with neutrons

% = Float-Zone (FZ): damage '
¢ accumulated 300 //‘, —g—gmﬂggzz mngi‘e'%
) . ) z-p {mixe
= = Magnetic Czochralski (MCz): 800 //&/ & EZpipony
2 damage compensated: 700 O Fzn {p-only
g | ) AR o/ /
Donors introduced in p irradiation 600

2 -V
z appear compensated by > 500 % *
£ acceptors introduced in n £ 400 // e —
5 irradiation 300 7N "
= No com tion ob d 200 T— =
g pensation observe p >
¢« inother Si materials beside MCz 100

« for the leakage current 0 - - - -

« for the trapping 0 2 = " 6 , 8 10

« both current and trapping ®,,[10" cm™]

continue to scale with <Deq
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Edge-TCT to Study Fields 2
o
=
Albert-Ludwigs-Universitit Freiburg — e —
) ) ) 4~
e Edge-TCT: llluminate sensor * Field expectation S
from the side — Significant electric field only in
« Scan across detector x‘p'eted S"'cor; "
. - arge generated in
thickness undepleted part of detector is
e Measure induced current as lost
function of depth e Edge-TCT is powerful tool
e Reconstruct electric field and to probe field deep inside
charge detectors
M Miteq AM-1309
ly_; T=—20C g 1.5 GHz scope
y=0 F E’)
_go n+ implant (all connected to HV) o
=] © e
8| 2 &
;;g 5 pbulk v
. )
£ o,
4

- NOTTO SCALE !

Ulrich Parzefall, U
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Vv, [arb.]

Edge-TCT: Charge and Velocity

Albert-Ludwigs-Universitéit Freiburg

-50 0 50 100 150 200 250

- || |
RDS0 Micron p-type sensor CHARGE COLLECTION PROFILE 2> L
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Field in Irradiated Sensors 2
>
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L]
« Un-irradiated p-type detector _ Beforeirradiation Mmool
- Chargg only collected from S of AN \\;';;jj:gg\\;
depletion zone o I S0
— Depletion growing with bias until s
full depletion voltage (~180V) O F
— No charge from undepleted part -
of sensor (no field) 05|
 Heavily irradiated p-type £ j | T
detector e 00 im0 200 250 3éo(dep$:)dbin"] g
ie]
— EvenatlowV,, chargeis o1 E
. 5, N Vbias; \vi After ¥
collected from all regions oo.12f- =BV | 101N, Jom? | o
_ i;s= €q —_—
— High fields at front (strips) and O oaf v:ias=550 v
also back side S .k Voias=430 ¥
— Large field present in entire © oosk- Vg;g;§¥88¥
detector volume :
0.04—
* Field in middle of detector around -
0.5V/ipm at 700 V 0021
— Field results in additional signal e T 1 'zs'.o'(d' '“ﬁ“;
y (dep m
For details of technique and results see e.qg.: Depth (from surface of detector)

http://indico.cern.ch/materialDisplay.py?contribld=7&sessionld=3&materialld=slides&confld=111191
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Charge Collection — 3d Detectors
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 Double Sided 3d p-type sensors (made
by CNM) in SPS testbeam
« Irradiation at Karlsruhe KIT cyclotron
with 26MeV protons
« Higher signal after irradiation than
before
« Charge multiplication

p-type substrate

_ =

i 500 ] S
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- - (1x10"% N, /cm?) E
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Charge Collection — 3d Detectors
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= = 45000 = 3
45000~ | andau Most Probable Value + E = % = =
Z 40000 / — 7z 40000 4 ] 9
2 = Hnirtaea E g = e Collected Charge £ Je = =
g 32000¢ = Ix10'S E g 35000 £ 1° 2 >
S 30000 —— 2%10" — © 30000  * Leakage Current 14 i
Eﬁ E 3 o - . = =]
£ 25000F E £ 250001 I P 2
[} - = - = — p o
2 20000 = < 20000 N =

- - [:§} — —

B 15000 = 2 15000 1° 3 é
S 10000T- = 2 1ooooEs y =k =
S000E E 50003 1x1°0 N¢,/cm ER s
0: L 1 1 1 | 1 1 1 L | 1 1 1 1 | 1 L 1 1 | 1 1 1 1 ‘ L 1 1 : : -20 C — %
0 50 100 150 200 250 0:| P SRR N SR SR T N NN N S rooo Ty Ty = Mo
Bias Voltage (V) 0 50 100 150 200 250 s

Bias Voltage (V)
 All charge is multiplied (also thermally generated charge)

* Origin: avalanche multiplication in high-field region close to junction columns
 P-type detector: e drifting near columns get multiplied

— Effect has also been observed on similar n-type 3D DDTC, but to lesser extent
— Holes seem to not multiply so easily (due to 3x lower mobility ?)

« Charge multiplication also in irradiated planar p-type detectors,
but for higher V.

 High field in 3D detectors facilitates charged multiplication compared to
planar designs
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Noise and Charge Multiplication
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[_Pedestal data, channel vs. ADC counts | ool s o e 3
 Charge multiplication 70
results in tails in o | £
pedestal distribution o
 This non-Gaussian tails z
may appear tiny, but ] \}5, 20
mean extra noise ADC o
 Noise increases, ’
especially in high gain e
regime 1800 .
— This is not an effect of 1600 Noise (std. dev.)

Noise (Gaussian width)

| ook (shot noise) . AP

— Gaussian assumption
would underestimate
noise

1400

1200

IIIIIIIIIIIIIIIIIII

Noise (¢lectrons)
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Noise and Charge Multiplication
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* Noise possible problem for real +5000F i
detector operation £ Jo000E- Occupancy < 2.5%10*
 HL-LHC silicon strip systems will = 250001 Occupancy < 5*10°
. . =  E  — Occupancy < 1*10”
likely use binary readout - need 2 JoooE-
to look at noise occupancy in £ -
addition to S/N - -
g 10000— —
e Charge multiplication (CM) is ook : E
beneficial for S/N... TR T T
. 0 20 40 60 80 100 120 140 160 180 200 220
e But: CM not necessarily useful Bias Voltage (V)
fOl' S/ThrGShij! 50:"']'"I"'I"'I'"I"'l"'l"'l"'l"'l"'l"'E
* These results were derived from :2 3 E
few BD DDTC sensors '% E_ » Signal / Noise (Gauss) _g
. % 355 A Signal / Noise (std. dev.) ¥ ¥ =
— Studies on other detectors 2 30F = Signal/Threshold (occ<5*10%) =
ongoing £ 2sE \ N
 Two dedicated RD50 CM sensor g 20E " E
. . . . g 15 —
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Annealin 2
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o
 Defects change as function of
time and temperature
 Use accelerated annealing o
¢ Rescale short annealing times at 2
high temperatures to very long %
. o Z _ 1 —_
annealing at 20°C | el wn | S
e E.g.at60°C, scaling factor 550 7 \ | SN — =
e Based m_ainly on older (ROSE) e T Iy T P
N . studies and lower fluences annealing time at 60°C [min]
* HL-LHC benchmark is signal 1
(Charge Collection Efficiency - T B e
CCE) or signal/noise at very high £ .
(@]
fluences S a0l 14107
« Charge multiplication effects T _
play a significant role 5 T
o 1017 1017
* Recent results indicate that our g U v e sfon [0] -2 107 et IR
Scaling needs modification for § — parameterisation for standard silicon §
2 .
HL-LHC -g 00 . Hmm\l . Hmm\z . “\““\3 ‘ “\““\4 ‘ \9 =
I 10 510 5 10 5 10 5 10 5 10

annealing time at 60°C [minutes]
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Annealing of CCE
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Signal (CCE) in irradiated HPK
n-in-p mini detectors as function
of annealing time and V,,

CCE at high fluences & high
voltages (charge multiplication
regime)
* Most probable charge drops due to
short term (“beneficial”’) annealing

— N_gdrops - smaller peak electric field

- less multiplication

* Most probable charge rises due to long
term (“reverse”) annealing:

— N_4rises - larger peak electric field
- more multiplication

No need to fear reverse annealing
if charge multiplication can be
usefully exploited

RD50 Status Report, TIPP 2011, Chicago
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Accelerated Annealing
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Sensor Thickness 2
o
=
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Th
 Charge deposition proportional =Y
to thickness
* Should be the same for collected
charge
 Charge multiplication occurs <
o o o o Q
after heavy irradiation and high oo e N
bias voltages 241 © S0, om, 140um. 25°C : { =
& 5x10%n, cm®, 140um, -50°C _-
— This changes the game 211 & 510°n, om” 300um, -50°C ] é . §
* Compare thin and normal %18_— 5 3 e 1 2
sensors 2 45| - SEPE TP B
5 ; it
— 140 and 300 um n-in-p Micron micro- o 12| Total ionised charge 2y ottt i E”
strip sensors after 8 N R g
5x10'5 n,, (26MeV protons) 30 : § ;g 1 ° - =
— Charge much higher in thin sensors °r ; § 7 i S
— Thin sensors also mean less radiation 3+ Estimated maximum signal 1 5
length 0 200 400 600 800 1000 1200 1400 1600 1800 ‘0_5
— NB: Current in thin sensors is higher Bias (V) 3
than in normal ones (thermally O
generated charges get also O

multiplied)
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Planar Detector Compilation
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=5 i
- [ A [ ARELA - )
S o5k o ~winp-Fz(1700V) 1 FZ Silicon Strip Sensors -
5250
D ¥ = n-in-p (FZ), 300um, 500V, 23GeV p
O - ‘ o n-in-p (FZ), 300um, 500V, neutrons
- 20 n-in-p-Fz (800V) . 7 ® n-in-p (FZ), 300um, 500V, 26MeV p
S ! | & n-in-p (FZ), 300um, 800V, 23GeV p
— i 0.8 & n-in-p (FZ), 300um, 800V, neutrons
O 15 WV - ¢ n-in-p (FZ), 300um, 800V, 26MeV p
50 i o n-in-p (FZ), 300um, 1700V, neutrons
= i a p-in-n (FZ), 300um, 500V, 23GeV p
= 10 - — & p-in-n (FZ), 300um, 500V, neutrons
O :
i s N T - RD50 - M. Moll
4(_)) |
9 [ p-in-n-FZ (500V) n-in-p-Fz (500V)
6 i 1 1 1 I 1 1 11 I 1 1 1 I 1 1 11 I ]
o 10" 5 100 5 10'°
-2
D, [cm™]
* p-in-n fades away well before 10"°N,/cm?
([ J

n-in-p still gets 50% charge at 10'°N,,/cm? at high bias voltages
* n-in-p benefits from charge multiplication (at high bias voltages)
* n-in-p (n-in-n) superior material for high radiation environments
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Conclusions
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« RD50 working across experiment boundaries on
developing radiation-hard silicon detectors for
e.g. the HL-LHC

* Large progress in understanding the effective
doping concentration

* For high fluences, significant electric field
exists even in undepleted region, resulting in
higher signals

 Charge amplification observed on many
sensors. CCE benefits from it, but open
questions remain

— The S/N ratio benefits too (mostly), but this may be an
issue of the way we derive the noise

— Can the extra signal be exploited to increase the
radiation hardness ?

— Need to study long-term stability
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Recommendations
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* Disclaimer: some views may be biased

 Planar detectors do better than expected

— P-type detectors reduce trapping effects and can
operate partially depleted

— Significant electric field exists in undepleted region
— Charge multiplication gives extra signal

UNI
FREIBURG

* HL-LHC Si detector recommendations:
* N-in-p (n-in-n) planar detectors

— good enough for most regions, well understood, expect
this to be the default material at HL-LHC

e 3D detectors

— could add extra radiation hardness and facilitate
operation at lower voltage if required for innermost HL-
LHC tracking layer(s)

— watch out for extra costs and risks

 Credits: Tony Affolder, Gianluigi Casse, Paula Collins, Doris Eckstein,
Alexandra Junkes, Michael Kohler, Gregor Kramberger, Ilgor Mandic,
Michael Moll, loana Pintilie
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