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RD50 Outline I@:Aj

e Introduction: LHC and LHC experiment

* Motivation to develop radiation harder detectors
e Introduction to the RD50 collaboration

 Part I: Radiation Damage in Silicon Detectors$A very brief review)
* Microscopic defects (changes in bulk material)
 Macroscopic damage (changes in detector properties)

* Part Il: RD50 - Approaches to obtain radiation hard sensors
« Material Engineering
« Device Engineering

« Summary and preliminary conclusion
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RD50 LHC - Large Hadron Collider @

Start : 2007

» Installation in
existing LEP tunnel

+ 27 Km ring
- 1232 dipoles B=8.3T

- = 4000 MCHF
(machine+experiments)

‘pp Vs =14 TeV
L gesign = 1034 cm2 571

- Heavy ions
(e.g. Pb-Pb at
Vs ~ 1000 TeV)

LHC experiments located at 4 interaction points
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RD50 LHC example: CMS inner tracker @

¥ CMS o E Inner Tracker

HGAL

Outer Barrel
Inner Barrel (TOB)
(TIB) . End Car
Inner Disks
(TID)

e —

Total weight 12500 t
Diameter 15m
Length 21.6m

Magnetic field | 4 T

E CMS — “Currently the Most Silicon”
* Micro Strip:
o ~ 214 n? of silicon strip sensors, 11.4 million strips
* Pixel:
* Inner 3 layers: silicon pixels (~ 1rA)
* 66 million pixels (100x15@um)
* Precision:o(re) ~o(z) ~ 15um
» Most challenging operating environments (LHC)
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RD50 Status December 2006 @

* LHC Silicon Trackers close to or under commissionig

« CMS Tracker (12/2006) « ATLAS Silicon Tracker (08/2006)
(foreseen: June 2007 into the pit) August 2006 — installed in ATLAS

CMS Tracker Outer Barrel
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Motivation for R&D on
Radiation Tolerant Detectors: Super - LHC

RD50

* LHC upgrade SUPER - LHC (5 years, 25001
=LHC (2007, L =10%cm?3s? Pixel (?) | Ministrip (2

N

10 vears ; ~ Macropixel 3
y- @(r=4cm) ~3-10°cm? 5; ]
500 fpt 7 total fluenced,
X5 ‘\-'E 10%5]
(&) i
= Super-LHC (2015 9, L = 10%m?s) " g > | neutronsp,.
5 years ’ |
y_» @(r=4cm) ~1.6-105cm? 104 ] Plons®eq
2500 fbt 5f |
L L | — other charged
| ATLAS Pisel " ATLAS SCT-barrel, | hadronsbg,

' (microstrip detectors)
— . | . | T

* LHC (Replacement of components) 10130 50 30 20 50 6o

e.g. - LHCb Velo detectors (~2010) ¢ [cm] [V Mol simpied,scaled rom ATLAS TOR]
- ATLAS Pixel B-layer (~2012)

* Linear collider experiments (generic R&D)
Deep understanding of radiation damage will befintifor linear collider experiments where
high doses of g; will play a significant role.
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RD50 The CERN RD50 Collaboration @

http://www.cern.ch/rd50

RD50: Development of Radiation Hard Semiconductor Bvices for High Luminosity Colliders

 Collaboration formed in November 2001
« Experiment approved as RD50 by CERN in June 2002
* Main objective:

Development of ultra-radiation hard semiconductor attectors for the luminosity
upgrade of the LHC to 10°cm2s! (“Super-LHC").

Challenges: - Radiation hardness up to 8 cm2required
- Fast signal collection(Going from 25ns to 10 ns bunch crossing ?)
- Low mass(reducing multiple scattering close to interactpmint)
- Cost effectivenesgbig surfaces have to be covered with detectors!)

* Presently 264 members from 52 institutes

Belarus (Minsk), Belgium (Louvain), Canada(Montreal), Czech Republic(Prague (3x)),

Finland (Helsinki, Lappeenranta), Germany (Berlin, Dortmund, Erfurt, Freiburg, Hamburg, Karls ruhe),
Israel (Tel Aviv), Italy (Bari, Bologna, Florence, Padova, Perugia, Pisa, €nto, Turin), Lithuania (Vilnius),
The Netherlands(Amsterdam), 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 (Diamond, Exeter, Glasgow, Lancaster, Liverpool, Skffield),

USA (Fermilab, Purdue University, Rochester University, SCIPP Santa Cruz, Syracuse University, BNL,
University of New Mexico)
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RD50 Outline

» Motivation to develop radiation harder detectors

e |[ntroduction to the RD50 collaboration

 Part I: Radiation Damage in Silicon Detectors
(A very brief review)
* Microscopic defects (changes in bulk material)
* Macroscopic damage (changes in detector properties)

e Part II: RD50 - Approaches to obtain radiation hard sesors
e Material Engineering
 Device Engineering

« Summary and preliminary conclusion
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RD50  Radiation Damage — Microscopic Effects @

¢ Spatial distribution of vacancies created by a 50/ Si-ion in silicon.

typical recoil energy for 1 MeV neutrons
( yp 9y ) M.Huhtinen 2001

800 T T T T T

~
. L -,
van Lint 1980 N L

600 L '\ Z=14, A=28
= e E=S0keV
iy L ¢ * .
peeo s00 I + el 505 Vacancies
3 L Yo *e% o ‘? o
5 N "-. *
i : /g

[ rr

E F $07 aca
3} 400 — :*
® : Y
2 400 i
O ~ 700

300 — w [ i
g L 3 ..f‘:, §'¢
=) ’ wr
k! -} Y . _a -
z 200 | . i i’
2 200 i /
é .. ?‘ &,
3 - . .
< L _ o0 ... N

O N L q_},#

3 2. e
0 07\\\\'\\\\\\\\\\\\\\\\\\\\\\\\\\\\Y(\A)\
U -120 o 10 zi0 . 0 100 200 300 400 500 600
Abstand von der urspringlichen Richtung [ A] A

X (A)

. point defects

particle — Sl —— E>25 eV (V-0, C-O, ..)

E« > 5 keV point defects and clusters of defects
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RD50

particle — S| s

Interstitial

Radiation Damage — Microscopic Effects

©

. point defects

(V-0, C-O, ..)

E« > 5 keV point defects and clusters of defects

«60Co-gammas

« Compton Electrons
with max. E =1 MeV
(no _cluster productign

*Electrons
*E.> 255 keV for displacement « E > 185 eV for displacement
*E.> 8 MeV for cluster

*Neutrons (elastic scattering)

« E,> 35 keV for cluster

Only point defects <= point defects & cluster <=y  Mainly clusters

Simulation:

g

3
N’
>

Initial distribution of
vacancies in (fum)3
after 101 particles/cny

[Mika Huhtinen NIMA 491(2002) 194]

10 MeV protons

36824 vacancies

24 GeV/c protons

4145 vacancies

1 MeV neutrons

8870 vacancies
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RD5(Q Primary Damage and secondary defect formation

« Two basic defects - P ! . '
| - Silicon Interstitial  V - Vacancy B/
° Prlmary defect generatlon o V‘ ............................. |

I, 1, higher order | (?)
= | -CLUSTER (?) <—

V, V,, higher order V (?) Damage?!
= V -CLUSTER (?) «——

400 =

« Secondary defect generation

Main impurities in silicon: Carbon (I

Abstand entlang der urspringlichen Richtung [ A]

200 - |
Oxygen (CP) ® CLUSTER—_ A\ \iL,UST..ER

+C, - C = C#C, —» CCsq N N2
Ci+oi N Cioi _____S:(‘BLUSTER

Ci + PS - Ci PS 0 i !
-360 -240 =120 0 120 240 360

Abstand von der urspriinglichen Richtung [ A]

V+V -V, V+V, - V;
V+0O; - VO, = V+VO, - V.0, <—— Damage?! (“V,O-model”)
V+P, » VP,

1+V, - V 1+VO, - O,
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RD50 Example of defect spectroscopy

- heutron irradiated -

Deep Level Transient Spectroscopy

ogf——m™mAm™™m™m™m@m™M™m™m——————————
06- ceo) g 2+ VWO 4+ 2

Introduction Rates
N/ P

0.4 f

E(35K) | |
E(40K) | |
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C :
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7 | /
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H(220K)1 0.40cm! 1.10 cmt

DLTS-signal () [pF]

i —— 60 min % \
-0.4_— —— 170 days C 0 V \
-0.6————— —

50 100 150 7200 250
Temperature [ K ]

example : @, = 1x10" cm?
_ . . - L
Introduction rates of main defects 1cm defects= 1x10% crm3

= Introduction rate of negative space charge= 0.05 cm? space charge= 5x10%cm®
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RD50 Impact of Defects on Detector properties @

Inter-center charge
transfer model
(inside clusters only)

™

Shockley-Read-Hall statistics
(standard theory)

E. \
4 \ / electrons/

donor

gap detrapping

— / \ holes .
acceptor : \
E, 7 ; E,
charged defects Trapping (e and h) generation . enhanced generation
= Neft » Vaep = CCE = leakage current | — leakage current
e.g. donors in upper shallow defects do not Levels close to , — space charge
and acceptors in contribute at room midgap ' P J
lower half of band temperature due to fast most effective :

Impact on detector properties can be calculated if all defect pa rameters are known:

0, : Cross sections AE : ionization energy N, : concentration
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RD50 Reverse biased abrupt p *-n junction

Poisson’s equation

Positive space charge N-[P]

Electron o

potential energy

G+ Vb i)

qo P
[N,
qp(x) ez, | depleted ¥ (I/
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a) &
Electrical N

charge density OE W ‘:1 x

E |

|

|

|
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Electrical !
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|
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|
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|

|

|

|

|

|

|

|
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|

¥

(ionized Phosphorus atoms)

/s

neutral bulk

no electric field

partlcle

Full charge collection only for Vg>V e, !

depletion voltage

//
Yo
Vdep £ 50 [l}\leff

effective space charge density
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RD50 Macroscopic Effects — I. Depletion Voltage

¥ Change of Depletion Voltage Y., (N;)

.. with particle fluence: .... with time (annealing):
= 500q T 10 | | | ‘
g_ I S —_
© 1000 |12 & &’
S 500 o= =
I i typeinversion <" © %
S % A w1003 =
— i ] — =
>, 10 o= Z
— g —:16) i Oc Pe
g 5 nype 1/ puype T RSN VI
) 1l [ o | | B
B ‘ e 1
100 1P it TiE ig 10 1 10 100 1000 10000
Py [ 102 | annealing time at 6C [min]
« “Type inversion”: N changes from positive to ~ * Short term? Beneficial annealing
negative (Space Charge Sign Inversion) * Long term:* Reverse annealiny
Al Al - time constant depends on temperature:
depleted ~ 500 years ('10°C)
before inversion ' p : p|+nverted ~ 500 days ( 20°C)
: i ~ 21 hours (60°C)
i - i - Conseguencédetectors must be cooled
i A; after inversion E€vVen when the experiment is not running!
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RD50  Radiation Damage - Il. Leakage Current @

» Change of Leakage Current (after hadron irradiation)

.... with particle fluence: .... with time (annealing):
101 " e " 1 o 6 ‘ T CorrTrr rororrrr T 6
+ n-type FZ - 710 25 Rcm sl o . ]
o[ © n-type FZ-7Qcm P 'g' 5| 80 min 6C°C 5
&5 10 = n-type FZ - 4 lQcm E O , ]
E O n-type FZ - 3 KQcm 2 4l 4
= p-type EPI- 2 and 4 &
g 103 I p-type an cm ~ 7 7
— o 3t 3
104 | v n-type FZ - 78@cm | .:'. 1
> o n-type FZ - 41@cm - 2| 2
= n-type FZ - 13@cm B’ | iched sili (O] = en® |
10 80 min 60°C | n-type CZ - 14@cm 1 parameterisation for standard silicon 1
5 * p-type EPI - 38@cm O | | | [V Moll PhD Thesis] ]
101011 102 1083 1044 105 1 10 100 1000 10000
Peq[CNT?] wrmromess annealing time at 6Q [minutes]

Leakage current decreasing in time

« Damage parametera (slope in figure) (depending on temperature)

Al Leakage current e Strong temperature dependence
a— per unit volume E
V Epeq and particle fluence | Oexpg — %kBT
0 is constant over several orders of fluence Consequence: _ _
and independent of impurity concentration in Si Cool detectors during operation!
= can be used for fluence measurement Example: 1(-10°C) ~1/161(20°C)
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RD50 Radiation Damage — lll. CCE (Trapping) @

» Deterioration of Charge Collection Efficiency (CCE)by trapping

Trapping is characterized by an effective trapping time 1 for electrons and holes:

_ 1
Qe,h (t) - Qoe,h expg — B where L Ndefects
Teff e,h z-eff eh
Increase of inverse trapping time (1/1) with fluence ..... and change with time (annealing):
F'E 0.5 24 GeVic proton irradiation L ‘_lé 0.25 24 GeVic proton irradiation
= =} : ®gq = 4.510M cmi?
A= ) i
0.4} e data for electrons % ] &) i
GE-’ . o data for holes p £ i 3
> > £ |
g %9 g | t ?Eiﬁ ] |
© i = 0.15% RO :
+— (D) | T---®-g-L |
Q 0.1y & | o data for holes § E E§ E ]
% Oi [M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmd] | g . e data for electrons
> : : 4 : - : 4 : ] : 4 : - : 4 : 5 —_— 01’ L L H[I‘\A‘Mol\‘Da(a‘ D.Kr‘asel,‘ Prl‘DThfsfs‘z‘l]OA,Unllb‘omd] 1
g 0 21_01 410 610" 810t 2101 1 13 =T
particle fluence -®g, [cm™] annealing time at 8C [min]
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RD50 Summary: Radiation Damage in Silicon Sensors

¥ Two general types of radiation damage to the detemt materials:

» Bulk (Crystal) damagedue toNon lonizing Energy Loss (NIEL)

Influenced - displacement damage, built up of crystal defects —
by impuritiesS~—~
in Si — Defect Change ofeffective doping concentration(higher depletion voltage,
Engineering under- depletion)

IS possible!

Increase ofleakage current(increase of shot noise, thermal runaway)

Same for
all tested ~»
Silicon
materialsle Syrface damagedue tolonizing Energy Loss (IEL)
- accumulation of positive in the oxide (SIQ) and the Si/SiQ, interface —
affects: interstrip capacitance (noise factor)akt®wn behavior, ...

B Impact on detector performan?a.nd%arge olfectiorEfficiency
(depending on detector type and geomatrg readout electronig)s
Signal/noise ratio is the quantity to watch -
. .. an pe
= Sensors can fail from radiation damage ! optimized!

Increase of charge carrier trapping (loss of charge)
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RD50 Outline

« Motivation to develop radiation harder detectors
e Introduction to the RD50 collaboration

« Part I: Radiation Damage in Silicon DetectorqA very brief review)
e Microscopic defects (changes in bulk material)
« Macroscopic damage  (changes in detector properties)

» Part Il: RD50 - Approaches to obtain radiation hard sensors
« Material Engineering
» Device Engineering

 Summary and preliminary conclusion
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RD50 Approaches of RD50 to develop
radiation harder tracking detectors

e Defect Engineering of Silicon

* Understanding radiation damage
* Macroscopic effects and Microscopic defects
« Simulation of defect properties and defect kinetics

©

. . -  [rradiation with different particles at different sergies
Scientific strategies: -
e Oxygen rich silicon
* DOFZ, Cz, MCZ, EPI
. Material engineering \ * Oxygen dimer enriched silicon
e Hydrogen enriched silicon
: : : \ » Pre-irradiated silicon
Il Device englneerlng\ » Influence of processing technology
* New Materials
IIl.  Variation of detector « Silicon Carbide (SiC),Gallium Nitride (GaN)
opera’[ional conditions  Diamond: CERN RD42 Collaboration
Y 4

» Device Engineering (New Detector Designs)
* p-type silicon detectors (n-in-p)
e Thin detectors
3D and Semi 3[Cdetectors
» Cost effective detectors
« Simulation of highly irradiated detectors

CERN-RD39
“Cryogenic Tracking Detectors”
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RD50 Defect Engineering of Silicon I@ii

* Influence the defect kinetics by incorporation of inpurities or defects

* Best example;_ Oxygen

Initial idea: Incorporate Oxygen to getter radiation-induced vatss
= prevent formation of Di-vacancy (Y related deep acceptor levels

Observation: Higher oxygen content = less negative space charge
(less charged acceptors)

V,in
- PR - clusters
« One possible mechanism: YO is a deep acceptor /
E
O — VO (not harmful at room temperature) ¢ YO /
V < =
VO — V,0 (negative space charge) V,0(?)

E,
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Spectacular Improvement of
RD50 pectacuiar fmp
y-irradiation tolerance

Depletion Voltage Leakage Current
240 50— ——
e CA: <111>STFZ A | [ e CA <111>STFZ A
200k O CB: <111>DOFZ 24 h ] | 0O CB:<111> DOFZ 24h
A CC:<111>DOFZ 48 h ] 30 [ A CC:<111>DOFZ 48h .
¢ CD:<111>DOFZ 72 h | o L © CD: <111> DOFZ 78h ~
A CE:<100> STFZ = 1000k a CE:<100>STFZ i
1501 + CF:<100>DOFZ 24h o — |+ CF:<100> DOFZ 24h
> % CG: <100> DOFZ 48h — < | ¢ CG:<100>DOFZ4sh
8 % CH: <100> DOFZ 72h _ 206 |—>| | ¥ CH: <100> DOFZ 72hA///
o : R — o | g
> 100 K L - B = =
: % Z% 500} .
———————— 110 |
5 5
ob e . .. g 0 200 400 600 800 1000
O 200 400 600 800 1000 ®) dose [Mrad]

dose [Mrad]

* No type inversion for oxygen enriched silicon!
[E.Fretwurst et al. $RD50 Workshop]

« Slight increase of positive space charge See also:
. - Z.Li et al. [NIMA461(2001)126]
(due to Thermal Donor generation?) 7L et al. [ RD50 Workshop]

» Leakage increase not linear and depending on
oxygen concentration
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RD50 Characterization of microscopic defects @

- yand proton irradiated silicon detectors -

2003:Major breakthrough on y-irradiated samples
» For the first timamacroscopic changes of the depletion voltage aaidalpe current
can be explained by electrical properties of meabdefects ! [APL, 82, 2169, March 2003]
since 2004 Big steps in understanding the improved radiation ¢lerance of

oxygen enriched and epitaxial silicon after protonrradiation
[I.Pintilie, RESMDD, Oct.2004]

Levels responsible for depletion voltage . *1 v | 20mIN@o0°C
changes after proton irradiation: ;’g_ — e O
Almost independent of oxygercontent: = . ——Ep
- Donor removal A V oE sclusters
«“Cluster damage” = negative charge S = BDuif™ ’
a3 ]
Fr
Influenced by initial oxygencontent: E
- |-defect: deep acceptor level agB.54evV 3 all [ -
(good candidate for thé,O defect) 2 = | i -
. m L
— negative charge 2 . BLF
Influenced by initial oxygen dimer content (?) E a i
I I | | |

* BD-defect: bistable shallow thermal donor sl 40 en

'ZIJZII1EIJI'Z#:II1B]I':=EI:II IIIII
(formed via oxygen dimer®,;) Temperature (K)
— positive charge | ' I-defect

BD-defect
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RD50 Oxygen enriched silicon — DOFZ @

- proton irradiation -

 DOFZ (Diffusion Oxygenated Float Zone Silicon)
u 1982 FirSt Oxygen difoSion teStS on FErotherton et al. J.Appl.Phys.,Vol.53, No.8.,5720] ROSE

= 1995 First tests on detector grade SiligoMet al. IEee TN vol.42,No.4,219] RD43
= 1999 Introduced to the HEP community by RD48 (ROSE) http://cern.ch/rd48
_ _ Later systematic tests reveal strong
First tests in 1999 show clear \ variations with no clear dependence
advantage of oxygenation on oxygen content
10 T ‘ T T ‘ T ‘ 10 - T T T T T T T T T 700
— A Carbon-enriched (P503) 1 L 15 KQcm <111> - standard ]
mE :»Sgﬂ?f?dgiéisza hours (P52) Carbonated 1600 9t 4600
87 -0~ O-diffusion 48 hours (P54) — I
& -A- O-diffusion 72 hours (P56) — 8 B 15 KQem <111> - oxygenated —~
o 500 -
9 g ? 7 4500 g
—6r 400 8 L 6] ] S
— 2 L 6 1400 &
12 300> = 5
Z 4t , EQ < 4% 1300 EQ
g Z L1 g
Oxygenatedi200> = 3h= 4200 >
e 100 2 {100
0 AW A | | | ] 1 'E [M.Moll - NIMA 511 (2003) 97] -
0 1 2 5 % %46 8§ 10

3 4
4
Dy Gevic protor[:l-01 sz] DPrucevic proton[1014 cm?)

However, only non-oxygenated

[RD48-NIMA 465(2001) 60] ) i
diodes show a “bad” behavior.
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RD50 Silicon Growth Processes

* Floating Zone Silicon (FZ)  « Czochralski Silicon (CZ)

* The growth method seed
used by the IC industry.

« Difficult to produce
very high resistivity

silica
«® " crucible

Poly silicon

Czochralski Growth

Single crystal silicon

 Epitaxial Silicon (EPI)
» Chemical-Vapor Deposition (CVD) of Si

e up to 150um thick layers produced
« growth rate about lJum/min

Float Zone Growth

» Basically all silicon detectors made

out of high resistivety FZ silicon
Michael Moll — Geneva, 13. December 2006 -27-



RD50  Oxygen concentration in FZ, CZ and EPI @

s B Epitaxial silicon
E DOFZ and CZ silicon P
: L EPI
« DOFZ: inhomogeneous oxygen distribution layer
 DOFZ: oxygen content increasing with time
at high temperature . |
5 i ! > >
Data: G.Lindstroem et al - g IS e
E 108, ] | 9 3 1z
|2| Peoevgeoteesststsseese &= 1018 |
5F Cz as grown j108% L2 L
c - 3 — g
S 5 Y
< " S "
= 7 T
= 10t : 5 1078 . SIMS 25um
O 5f S s - SIMS 50pm
8 ! Q S . SIMS 75um
o I o 4 simulation 25um
& | o DOFZ 72h/1150C OLI) S?mu:ation 50um
I 1016_. DOFZ 48h/115m E 1016 10167 Indstrom et a 3:?ga?tlorr117o$lsmm on
O o [ A DOFZI 2.4h./1‘15m ‘A‘ T ; 5 5 - ‘[GSLerrict)nduc:orlD](.geEﬁ:torE 12- ngL?ne 2005]
0 50 100 150 200 250 0 10 20 30 40 50 60 70 80 90 100
depth im] Depth pm]

« EPI: O, and O, (?) diffusion from substrate
into epi-layer during production

« EPI: in-homogeneous oxygen distribution

« CZ: high O, (oxygen) and G, (oxygen dimer)
concentration (homogeneous)
« CZ: formation of Thermal Donors possible !
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RD50 Silicon Materials under Investigation by RD50

©

standard
for | Material Symbol | p (Qcm) | [O;] (cm™3)
particle | =
detectord ((Standard FZ (nyand p-type) FZ 1-7x103% | < 5x10'6
@ oxygenated FZ(n> and p-type) DOFZ | 1-7x103 | ~ 1-x10'
/ \
Used for agnetlc Czochralski Si,Okmetic, Finland MCz ~1x103 | ~5x10Y
LHC (n- and p-type)
Pixel Czochralski Si, Sumitomo, Japan (n-type) Cz ~ 1x103 | ~8-%x10Y
detectors
Epitaxial layers on Cz-substrates|TME, Poland EPI 50-400| < 1x10Y
“new’ / (n- and p-type, 25, 50, 75, 15n thick)
material \Qiffusion oxygenated Epitaxial layerson CZ / | EP|I-DQ | 50 -100| ~ 7x10%
 DOFZ silicon - Enriched with oxygen on wafer level, inhomogeneoudistribution of oxygen

Epi

CZ/MCZ silicon

Epi-

- formation of shallow Thermal Donors possible

silicon

- high Oi (oxygen) and Q; (oxygen dimer) concentration (homogeneoys

- thin layers: high doping possible (low starting raistivity)

Do silicon

- as EPI, however additional Qdiffused reaching_homogeneou®, content

Michael Moll — Geneva, 13. December 2006

- high O, , O, content due to out-diffusion from the CZ substratginhomogeneous)

-29-



RD50 Standard FZ, DOFZ, Cz and MCz Silicon

80 T T T T T T T T T T
i iati - e FZ  <l111> 112
24 GeV/c proton irradiation S BoRz <i1is (72 h 1150) :
';‘ - © MCZ <100> _3100.0_.
« Standard EZ silicon =, 600_- m CZ <100> (TD killed) e
~—
* type inversion at ~ X103 p/cm? %_ _ 18 NU
 strong N.¢ increase at high fluence 8 400_ 6 é
™ ] —
N’ —
« Oxygenated FZ (DOFZ2) g od 14 Z%
e type inversion at ~ X103 p/cm? > L 1, =
 reduced N,; increase at high fluence ]
oRdt” . . . . . .. . g
0 2 4 6 8 10
« CZ silicon and MCZ silicon proton fluence [18 cmi’]

= no type inversionin the overall fluence range (verified by TCT measrements)
(verified for CZ silicon by TCT measurements, prghary result for MCZ silicon)
— donor generation overcompensates acceptor generatiin high fluence range

« Common to all materials (after hadron irradiation):
= reverse current increase
» increase of trapping (electrons and holes) within 20%
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RD50

« Epitaxial silicon
« Layer thickness: 25, 50, 7fum (resistivity: ~ 50Qcm); 150um (resistivity: ~ 400Qcm)
« Oxygen: [O] = 9x10%m3; Oxygen dimers(detected via I@defect formation)

EPI Devices — Irradiation experiments

23 GeV protons 1 =105V
210" ¢ 25um, 80°C ////* (25um)
" & 50pm, 80°C g 1
[ 4 75um, 80°C o 1 =230V
5| A |
= e SO (50um)
£ 104 A P
> ’ At | =320V
: | (75um)
O M R IS RS RS
0 210 410®° 610®° 810® 10%°

Peq[cM?]

* Only little change in depletion voltage

o

G.Lindstrém et al., 10 European Symposium on Semiconductor Detectorsg1Ruie 2005
G.Kramberger et al., Hamburg RD50 Workshop, Aug0§62

Signal €]

 No type inversionup to ~ 10° p/cm? and ~ 10%n/cm?

=high electric field will stay at front electrode!

=reverse annealing will decreases depletion voltage!

« Explanation: introduction of shallow donors is bigger
than generation of deep acceptors

1200

1000Q

800
600
400
200

% 20 20 60

¢ 150pm -
75um -
75um -
50um -
50um -

.
\ A
* o
B

[Data: G.Kramberger et al., Hamburg RDS0 Workstfagust 2006] |

neutron irradiatee
proton irradiated
neutron irradiated
neutron irradiated
proton irradiated ]

|

| Mol 1

P, [10™ cni?]

« CCE (Sr*9source, 25ns shaping):
= 6400 e (15Qm; 2x105n/cm?)
= 3300 e (75im; 8x105n/cm?)
= 2300 e (5Qim; 8x10*5n/cm?)

80 100
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RD50 Advantage of non-inverting material
p-in-n detectors (schematic figures!)

Fully depleted detector
(non — irradiated):

p strips

[ I I S 2

] Hole drift
Active region

Electron drift l

_~—

n'layer
|

Traversing particle
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RD50 Advantage of non-inverting material @

p-in-n detectors (schematic figures!)
Be careful, this is a very schematic l

explanation, reality is more complex ! FU”y dep|eted detector
(non — irradiated):

p’strips

|n le drif
Active region

heavy irradiation .
\ iwlayer
Traversing particle
inverted non invekted
p strips p strips
[ [ [ [ [ [ [ [ [ [ I
Undepleted region Hole drift

Active region

Electron drift '

Hole drift
Active region

Undepleted region

Electron drift'

n'layer n'layer
Traversing particle Traversing particle
inverted to “p-type”, under-depleted: non-inverted , under-depleted:
« Charge spread — degraded resolution sLimited loss in CCE
« Charge loss — reduced CCE sLess degradation with under-depletion
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RD50 Epitaxial silicon - Annealing

e 50um thick silicon detectors:
- Epitaxial silicon (50Qcm on CZ substrate, ITME & CiS)
- Thin FZ silicon (4KQcm, MPI Munich, wafer bonding technique)

25 —1.4 150 —
T,=80°C " — | T.=80°C |
20 1(2) m-E [ = EPI(ITVE), 9.610 plen? o |
15 7 ' (& 1001/'/"/.17 R
10.8 I S j
= EPI(ITME), 5am é ,

10 o F2 (M), Squm 82 :u: >}2 5ol * FZ (WP, 1.710% p/en? |

>0 02 = | ?-
0 20 | 40 | 60 B 80 ~ 100 T T 17 10 104105

proton fluence [18 cm?] annealing time [min]

[E.Fretwurst et al.,RESMDD - October 2004]

« Thin FZ silicon: Type inverted, increase of depletion voltage withime

e Epitaxial silicon: No type inversion, decrease of depletion voltage thitime
= No need for low temperature during maintenance ofSLHC detectors!
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New Materials: Epitaxial SIC
RDSO “A material between Silicon and Diamond @

Property Diamond GaN | 4H SiC Si

E, [eV] 5.5 339 [ C33.. 1.12

Ebreakdown[V/Cm] 107 4. 1(? 2.2 1(9 31(5 --------- >

Ue [cMF/VS] 1800 1000 800 1450| « Wide bandgap (3.3eV)

U [cmf/Vs] 1200 30 115 450 | = lower leakage current

Veu [CM/S] 2216 : 2.1 | 0.8.10 than silicon

Z 6 31/7 14/6 14

& 5.7 9.6 9.7 11.9 | - Signal:

e-h energy [eV] 13 89 |(68x1 36 | Diamond 36efim

Density [g/cm3] | 3.515 6.15 | 322| 233 2 o gﬁm

Displacem. [eV] 43 215 @ED 13-20 | — more charge than
diamond

‘e
.
.
.
.
.
L
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.

»

R&D on diamond detectors: » Higher displacement
RD42 — Collaboration threshold than silicon
http://cern.ch/rd42/ —> radiation harder than
silicon (?)
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RD50 SiC: CCE after neutron

CCE before irradiation

100 % with a particles and MIPS

CCE after irradiation (example)

material produced by CREE
55 um thick layer

neutron irradiated samples
tested with 3 particles

Conclusion:

SiC is less radiation tolerant than
expected

Consequence:

RD50 will stop working on this topic

~—~ 3000

e(e

(@)

Collected Char

2000

1000

Irradiation

7/
L )
=~ @ 950 V
i . ]
[ ]
[ ]
. Before irradiation =
_ﬁ///' TR | ' S S | ' ' .....!
1E14 1E15 1E16

Fluence ((1MeV) n/cm?)

[F.Moscatelli, Bologna, December 2006]
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RD50 Outline

« Motivation to develop radiation harder detectors
e Introduction to the RD50 collaboration

« Part I: Radiation Damage in Silicon DetectorqA very brief review)
e Microscopic defects (changes in bulk material)
« Macroscopic damage  (changes in detector properties)

» Part Il: RD50 - Approaches to obtain radiation hard sensors
e Material Engineering
 Device Engineering

 Summary and preliminary conclusion
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RD50 Device engineering

pP-in-n versus n-in-p detectors

o

n-type silicon after high fluences: p-type silicon after high fluences:

pton-n p strips nton-p n'strips

Undepleted region

I Il

Active region

Hole dﬁﬁl Electron drift

Hole drift
Active region
Undepleted region

Electron drift'

n'layer
Traversing particle Traversing particle
p-on-n silicon, under-depleted: n-on-p silicon, under-depleted:
» Charge spread — degraded resolution sLimited loss in CCE
» Charge loss — reduced CCE sLess degradation with under-depletion

«Collect electrons (fast)
Be careful, this is a very schematic explanation,
reallty IS more complex ! Michael Moll — Geneva, 13. December 2006  -38-



RD50

Nn-iNn-p microstrip detectors

n-in-p: - no type inversion, high electric field stgs on structured side

- collection of electrons

CCE (18 electrons) °

n-in-p microstrip detectors (28@n) on p-type FZ silicon time [days at 2]

Detectors read-out with 40MHz

25 T [ T I T T T T T
¢+ 24 GeVic p irradiation
201 |
K CCE ~ 6500 e (30%)
15 after 7.5 10°p cm?
- ¢ at 900V
10_ \ 1 e
5 ] \\\}\_i_{ ........... 1
| [Data: G.Casse et al., NIMA535(2004) 362]
0 Ly g Mol

0 2 4 6 8 10
fluence [18°cn1?]

20
18
16

E (16 electrons)
H
N

cc
A\

©

14y

O 500 1000 1500 2000 _ 2500
% % % % ﬁ 800 V ]
. 1.1 x 16%cm? S0V §
: 3.5 x 13°cnmi? (500 V) :
: 7.5 x 16°cm? (700 V) ]
- [Data: G.Casse et al., to be published in NIMA] - -_
0 100 200 300 400 500

time at 80C[min]

e.g. for 7.5x 10'> p/cn?increase of V., from

Vdep

~ 2800V to V,

hep > 12000V Is expected !

* no reverse annealingvisible in the CCE measurement !
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RDSO 3D detector - Concepts Introduced by: S.I. Parker et @

al., NIMA 395 (1997) 328

o “3D” electrodes: - narrow columns along detector thickness,gD

. . PLANAR
- diameter: 10m, distance: 50 - 1Q0n . 0* o
« Lateral depletion: - lower depletion voltage needed -
- thicker detectors possible Wy -
- fast signal - £l e
- radiation hard = § et
+ (_J

n-columns p-columns

\

wafer sur(éce

|

|

|

|

|

|

|

|17

\
4'5\

!

!

I

I

!

_________________________________

n-type substrate
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RD50 3D detector - concepts @

o “3D” electrodes: - narrow columns along detector thicknesQ;CONJ\mnS / p-columns
- diameter: 1im, distance: 50 - 1Q0n '

« Lateral depletion: - lower depletion voltage needed e U I
- thicker detectors possible S
- fast signal . .-
- radiation hard . .

wafer surface

n-type substrate

« Simplified 3D architecture  Simulations performed
e n*columns in p-type substrate, ipackplane Fabrication:
, . ’ « IRST(ltaly), CNM Barcelona
* operation similar eyecc)tmd%}andarc!jew?itaugstector hole — metal strip

[C. Piemonte et al.,
NIM A541 (2005) 441]

hole

p-type substrate

uniform or grid-pattered Hole depth 120-150Hm é

p*-doped backplane .
) . Hole diameter ~10um
« Simplified process H

e hole etching and doping 0n|y done once C.Piemonte et al., STD06, September 2006

« no wafer bonding technology needed * First CCE tests under way
Michael Moll — Geneva, 13. December 2006 -41-



radiation-hard materials and devices

RID5() Comparison of measured collected charge on differen t @

Line to guide the eye for planar devices

25000 — EARERAL m  pFZSi280um: 25ns; -30C [1]
{ ® = p-MCz Si 300um;0.2-2.5us; -30T [2]
200004 n EPI Si 75um; 25ns; -30T [3]

n EPI Si 150um; 25ns; -30<T [3]
sCVD Diam 770um; 25ns; +20T [4]
pCVD Diam 300um; 25ns; +20C [4]
n EPI SiC 55um; 2.5us; +20C [5]
3D FZ Si 235um [6] 160V

[1] G. Casse et al. NIM A (2004)
A : [2] M. Bruzzi et al. STD06, September 2006
[3] G. Kramberger, RD50 Work. Prague 06
. T [4] W: Adams et al. NIM A (2006)
“m * | [5] F. Moscatelli RD50 Work.CERN 2005
® [6] C. Da Via, "Hiroshima" STD06
® | IEEE— (charge induced by laser)

0 ——

14 15 16
10 10 g'o M. Bruzzi, Presented at STD6 Hiroshima Conference,
1 MeV n fluence [cm 7] Carmel, CA, September 2006

15000 - pixels

> ® * »*

10000 - N

# electrons

5000 " .

« Thick (300um) p-type planar detectorscan operate in partial depletion, collected charge
higher than 12000e up to 2x18¥cm2,

* Most charge at highest fluences collected witBD detectors

« Silicon comparable or even better than diamonan terms of collected charge
(BUT: higher leakage current — cooling needed!)
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RD50 Summary — Radiation Damage I@ii

« Radiation Damage in Silicon Detectors

« Change oDepletion Voltage(type inversion, reverse annealing, ...)
(can be influenced by defect engineering!)

* Increase of.eakage Current(same for all silicon materials)
* Increase oCharge Trapping (same for all silicon materials)

Signal to Noise ratiois quantity to watch (material + geometry + electronics)

* Microscopic defects
* Good understanding of damage aftamradiation (point defects)
 Damage after hadron damage still to be better utmmigcluster defects)

« CERN-RD50 collaboration working on:

* Material Engineering (Silicon: DOFZ, CZ, EPI, other impurities,. ) (Dianmd)
* Device Engineering 8D and thin detectors, n-in-p, n-in-n, ...)

— To obtain ultra radiation hard sensors a combinationof material and
device engineering approaches depending on radiatianvironment,
application and available readout electronics will ke best solution
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RD50 Summary — Detectors for SLHC

At fluences up to 1@>cm2(Outer layers of SLHC detector) the change of theapletion
voltage and the large area to be covered by detecsoare major problems.

o (CZ silicon detectorscould be a cost-effective radiation hard solution
no type inversion (to be confirmed), use cost @ffeq-in-n technology

* oxygenated p-type silicormicrostrip detectors show very encouraging results:
CCE= 6500 e ~4x10 cnr2, 30Qum

At the fluence of 18%cm (Innermost layers of SLHC detector) the active thikness of
any silicon material is significantly reduced duea trapping.

The two most promising options besides regular reptement of sensors are:
Thin/EPI detectors : drawback: radiation hard eledronics for low signals needed
(e.g. 2300e ab,, 8x10>cn2, 50um EPI)

3D detectors : drawback: technology has to be optimized

SiC and GaN have been characterized and abandoned RD50.

Further information: http://cern.ch/rd50/
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