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LHC upgrade: from LHC to Super-LHC

(M. Hutinen: 2Radiation issues for S-LHC?, S.LHC Electronics Workshop, 26/2/04, CERN
O. Bruning: 2Accelerator upgrades for S-LHC?, S-LHC Electronics Workshop, 26/2/04, CERN)

LHC SLHC

Proton Energy: [ TeV => 15 TeV
Collision rate: 40 MHz => 80 MHz
Peak luminosity: L CATA TS b=y 10 cm? st
Integrated luminosity: 500 fbt => 2500 bt
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. Approach for tracker upgrade

Radial distances Expected S LHC Expected S-LHC
of the actual CM S tracker fluence for fast hadrons dose
Pixel: 4 cm == 1.6" 106 cm-2 420 Mrad

11 cm == 2.3-10* cm>? 94 Mrad
Microstrip: 22 cm => 35 Mrad
A LINS T RN 1204 chy74 9 Mrad

The current detector technologies can operate up to »10%° cm2!

Region Approach for the tracker upgrade
R< 20 cm => R&D required
R> 60 cm => |mproving microstrip technology

(seetalk by R. Horisberger on CM S upgrade for S-LHC, yesterday)
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The RD50 Collaboration

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

1. Formed in November 2001
2. Approved by CERN in June 2002

Development of ultra-radiation hard semiconductor detectorsfor the luminosity upgrade
of LHC to 10> cm2s! (S-.LHCQO).

- Radiation hardness up to fluences of 10 cm-2required;

- Fast signal collection (10 nsbunch crossing);

- Low mass (reducing multiple scattering close to inter action point);
- Cost effectiveness.

Presently 280 Membersfrom 55 I nstitutes

Belgium (L ouvain), Canada (Montreal), Czech Republic (Prague (2x)), Finland (Helsinki (2x), Oulu),
Germany (Berlin, Dortmund, Erfurt, Halle, Hamburg, Karlsruhe), Greece (Athens), Israel (Tel Aviv),
Italy (Bari, Bologna, Florence, Milano, Modena, Padova, Perugia, Pisa, Trento, Trieste, Turin), Lithuania
(Vilnius), Norway (Odlo (2x)), Poland (War saw), Romania (Bucharest (2x)), Russia (M oscow (2x),
St.Petersburg), Slovenia (Ljubljana), Spain (Barcelona, Valencia), Sweden (Lund) Switzerland (CERN,
PSI), Ukraine (Kiev), United Kingdom (Exeter, Glasgow, L ancaster, Liverpool, L ondon, Sheffield,
University of Surrey), USA (Fermilab, Purdue University, Rutgers University, Syracuse University, BNL,

University of New M exico)
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Radiation effects in silicon detectors

1) Increase of the leakage current:
Increase of the shot noise: F(w)=qgl/p
Decrease of the SN ratio
Increase of power dissipation: P=V" |
Increase of voltage drop on biasresistors. DV=R’" |

Il) Variation of the depletion voltage (V y,):
V tep™V preakdown: te detector cannot operate fully depl eted
Decrease of the charge collection efficiency
Decrease of the SN ratio

lIl) Charge trapping:
Decrease of trapping time constant and mean free path
Decrease of the charge collection efficiency
Decrease of the SN ratio
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L eakage current density increase

» The leakage current density (J) linearly increases with the particle fluence (F ):
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» Possible approach for limiting the leakage current density (J):
only by decreasing the operating temperature (T). @R ® E é1 100
WTR) =D ET S 0E 5 — e T
(J scales by afactor »2 every 7.5 K). el

7 2kg TR Ty
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Oxygen and effective doping concentration (N )

1. In n-type silicon, radiation induced donor removal and deep acceptor generation causes the Space Charge Sign
Inversion (SCSI) effect : the effective doping concentration (N ), which isinitially positive becomes negative.

After SCSI the Ny [UV gy, increase is mitigated for charged hadrons and ions (not for neutrons) in Diffusion
Oxygenated Float Zone (DOFZ) silicon, where [O]>10' cm? in the substrate.
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2. After »20 days at RT since irradiation, [N [1V 4, reaches a minimum and starts to increase up to saturation (reverse annealing).
The reverse annealing amplitude is decreased for charged hadrons and ions (not for neutrons) in DOFZ Si, where [O]>10Y cm,
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Czochralski (CZ) and Magnetic Czochralski (MCZ) silicon

Advantages:

1. Intrinsic higher oxygen concentration in CZ ([O]»8-10" 10" cmr3) and MCZ ([O]»4-10" 101 cm-3)
than Float Zone (FZ, [O]<4" 10 cm®) or

Diffusion Oxygenated FZ (DOFZ, [O]»1-4" 10Y’cm®) S. -

O-concentration for DOFZ and Cz Si-wafers

5 # Czas grown
2. No extra process needed for substrate oxygenation. - ”
3. High resistivity (»1-2 kW cm) p- or n-type CZand MCZ  § 0|
wafers commer cially available. E s
4. CZ and MCZ wafers have higher diameters(300mm) E |
than FZ and DOFZ (150 mm). § 100} A8 LB i
8 5 i & DOFE 211500
Attention has to be considered for avoiding thermal donor activation o
(V 4ep INCrease) during processing steps at 450 °C for n-type CZ and MCZ. D S N U S
Test beam results: depth [Hm]

MCZ microstrip detector prototype (AC coupled, with 1024 strips, 6 cm long, w=10 mm, p=50 nmm)
has been tested by 225 GeV muon beam at CERN with AV 1 chips (resolution 10 nm and S/N=10).

(E. Tuominen et a., Nuclear Physics B, Proc. Suppl. 125 (2003) 175)
O
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NTD

Magnetic Czochralski (MCZ) silicon: thermal donor generation

[O]»4” 10% cnmr® in MCZ silicon is suitable to take advantage of thermal donor generation
at 450 °C for processing n-type detectors starting from p-type MCZ substrates.

-

p ~3 kOhm*cm

n+

thermal donor
generation
.

n ~1 kidhm*cm

n+

1014

e
o 07 [O]»8 1017 e

— MCZ [O] »4 10V cm®
mmm DOFZ [O]»10Y cm®

Neff,O: '4.5' 1012 Cm_3

0 10 20 30 40 50 60
Anneding time at 450°C (min)

_aaq c 1 DN @)
_gbg@) 2(1 B T)‘

‘Nd' NA‘

Npt isthe thermal donor density;

aand b are experimental parameters.

- C., isthe concentration of interstitial oxygen in silicon;
c isaconstant (2<c<3);

IN4-N, | isthe free carrier concentration;

D, isthe diffusion constant of interstitial oxygen;

t isthe time at a given temperature;

J. Harkonen et al., 4h RD50 Workshop, http://rd50.web.cern.ch/rd50/4th-workshop/
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(Z.Li etd., IEEE TNS 51 (2004) 1901)

1. SCSl for FZ S,
N <0 due to deep acceptor generation.
2. No SCS| for MCZ and DOFZ S,
N4 increases due to thermal donor activation.

Neff (1/cm3)
(E12)

1. N4 linearly increases with radiation Dose
Ner= Nege ot ([O])” Dose
2. b, linearly depends on the substrate oxygen concentration
b=m [O]+q  with m=4.99" 10° Mrad
g=194"10° Mrad¥ cm3

(Billions)

Magnetic Czochralski (MCZ) silicon: radiation hardness
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Magnetic Czochralski (MCZ) silicon: radiation hardness

(J. Harkonen et a., NIM A 518 (2004) 346; Z. L1 et ., IEEE TNS 51 (2004) 1901)

350 =
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Positive effect of substrate oxygen: microscopic

General microscopic considerations

1) formation of vacancy (V) related defects such as: VO (neutral at RT) or VO+V=V, 0 and V,

related defects (deep acceptors) are competitive processes. VO is enhanced by 2high? [O]:
a. grays. point defects (i.e., interstitial | and vacancies V)
in DOFZ, MCZ and CZ, [O]>>[V]: VO enhanced, V,0 and/or V, related defects suppressed

b. Neutrons: clusters (i.e., high defect density regions)

in DOFZ, MCZ and CZ, [O]<<[V]: V,0 and/or V, related defects present;
c. Protons:. point defects and clusters: intermediate condition.
2) Thermal donor activation during irradiation is characteristic for high [O].

60Co g-ray irradiation of FZ and DOFZ silicon

I defect defect BD center YO
Type Deep Acceptor Shallow Donor Acceptor (neutral at RT)
Energy level Ec-054 eV Ey+0.68 eV Ec-0225 eV Ec-0.17 eV
Effect on Ner Yes (85% in FZ) Yes (Compensates | Yes, indirectly: VO is neutral at RT, but
[Nand I in DOFZ) | VO is a competitive process with V>0 or
V, related defects and VO 1s enhanced
by high [O].
Effect on Lk Yes Yes No No
FZ silicon Present Present Absent Present
DOFZ silicon Reduced Reduced Enhanced with [O] Enhanced with [O]
Dose depencence Quadratic— Linear Over linear e
Second order defect
Microscopic VO+V=V,0? TDp2? VO

E. V. Monakhov et al. in Phys. Rev. B 68 233203 (2003), investigating the V., isothermal
annealing at 250 °C by DLTS, proposed that the X center (E.-0.47 eV), whose density linear
depends on [Q], observed after that V, has been annealed out, is V,+0O=V.,0.

TSCurrent (pA)

(I. Pintilieet a., NIM A 514 (2003) 18)
| 284 Mrad dose RB=300V
—o— FZ —
a0d DOFZ T(240K) |
0 -f0 5%
<' CiCS :5::_|
BD tail P
20 ; i f
ll £
s £ H(9TK):|+/0 I
. @K) - 40 A
0_ “hm%nj b i._

5
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Temperature (K)
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Czochralski (CZ) silicon: radiation hardness

RD50 Workshop, http://rd50.web.cern.ch/rd50/3rd-workshop/)

(E. Fretwurst et al., 3"

190 MeV pions 24 GeV protons
800 — . . : : :
SCD ' ' ' ' : T T T T T
[ T T T T T | . B 12
| ¢ CzZTDKilled {10 e I(::ZZ TRl 0 ;
| @ CZ TD generated : 600k & DOFZ 72hat 1150°C o 110
600F ¢ Fz : _ |

DOFZ 24 h at 1150°C

LT .
0 ﬁ/v I . I . I . ! . ! i I . I . I . I . I .
0 2.1014 4.1014 6 1014 8.1014 1015 O 2_1014 4_1014 6_1014 8_1014 1015
F (190 MeV pions/cm?) F (24 GeV protons/ciy)

1) SCSI in FZ and DOFZ after high energy pion or proton irradiation:

thelinear Vo, increase for FZ and DOFZ at high fluences is due to predominant acceptor generation (low [Q]).
2) No SCSI in CZ after high energy pion or proton irradiation:

thelinear V4, increase for CZ at high fluences is due to predominant donor generation (high ([O]).
3) Thelinear V y, increase rate at high fluences islower for CZ than for FZ and DOFZ.
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Thin detectors

1. Smaller leakage current: I, 4 W

2. Smaller depletion voltage: V ;,=qW=N/2e p W=

3. At S.LHC fluences, charge collection for planar detectorsis limited by carrier
mean free path, not by the W»280-300 nm detector thickness

Example.
The trapping time constant (t) rapidly decreases with fluence (F | ey 1) Yt =be Fipevn

with b =5.7" 1016 cm?/ns, b,=7.7" 101 cm?/ns.
AtF ey =5 10" cm?the carrier mean free path (L=v" t) even at the saturated carrier velocity (vg, =1.1" 107 cm/s,
Vg =7-5 " 10° cm/s) reducesto L ,=40 nm for electrons and L, =20 nm for holes.

J
1000 E l SRR AR DA LA LLAS IR ALY IR ALL BRI IR
[+ DOFZ ,'/’ ]
r o 1fF © n-SiTD treated / .
,g E ® p-SiTD treated ya ¢ 3
£ 100 /
T%. e 101 H/E'
g 2
g » " 1005‘
@ 10 F >
- g 10 F " -
- E -
- | Electrons : o
" |® Holes 102 I AT RO BRI R TTTY R R R R ......-
1 e 1¢ 10 10° 10" 10% 10° 10 10° 10°
0 27105 4105 6 105 8 105 1016 Irradiation fluence (cm)
Fluence (1-MeV n/cm?)

(J.Vaitkus et a., IWORID-6, July 2004, Glasgow)
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Thin detectors. FZ thinned devices (W=50 nm)

ITC-IRST, Trento Semiconductor Detector Laboratory, MPI, Munich
(E. Ronchin et a., NIM A 530 (2004) 134) (L. Andricek et al., 13 ECFA Workshop, Montpellier, November 2003)
_I l I I_ a) oxidation and back side implant of top wafer
Top Wafer v \ ¢) process = passivation

<100> S I | con Wafer Handle <100 Wafer

1. Tetra Methyl Ammonium Hydroxide (TMAH) etching from back.
2. Phosphorous deposition and diffusion from back.

3. Metal deposition from back. :/elth sop Siuz\:/ \:

b) wafer bonding and grinding/polishing of top

wafer

open backside passivation

d) anisotropic deep etching opens "windows' in
handle wafer

2 e

EM: back view of athinned device Photograph: front (left) and back (right) view of thinned devices
Areas. 1 mm? - 20 mm? and I<1 nA/cm?2 at 20 V Area: 10 mm? and I<1 nA/cn? at 20 V
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MPI thinned devices (W=50 nm): radiation hardness

(E. Fretwurst et al., 4" RD50 Workshop, http://rd50.web.cern.ch/rd50/4th-workshop)

20 GeV proton irradiation: F ,=9.5" 10*°-8.6" 10*> cm

40 —— T L L B L] B L B AL B
: . ] 70 | Fp[cm_z] ]
L 8minat 80 °C a — T,=80°C s 86IE15 |
— 30} 160 £ . sugss
c [ 150 3 o 170E15
§ 1 an> = v 89IEW4 |
> 20} ] 40, = A 6.0BE14 |
— i 2 L —
— i 130> = o 352E14
F= : < o 194E14
Z 10} 120 5 o 95IE13 |
] 1n_
MPI {10 ¥ MPI
— 1 0 =
0 20 40 60 80 20PhL i i i v,
10° 10* 10? 10° 104 10° 10°
F p [1014 Cm_z] annealing time [min]

1. b =D|Ng | /DF ,=3.6" 10" cmr! compar able with DOFZ. 1. Stable damage component.

2. Vye»64 V for W=50 ymat F ., =8.6" 10'> cm2 2. Short-term component (positive on V y).
® Vgep»2300 V for W=300 um at F ,,=8.6" 10> cm?, 3. Long term component: rever se annealing
® W<300 um arerequired at SLHC. (negativeon V).

4. SCSI reached before F ;.= 9.5" 10*2 p/cm2.
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Thin detectors:. epitaxial layer (W=50 um) on CZ substrate

(Hamburg Group, NIM A 515 (2003) 665)
1. Starting material: low resistivity (r <0.02 Wsem) 300 mm thick Czochralski (CZ) silicon substrate doped
by Sb donors.
2. A thin (50 mm) low resistivity (r =50 Wem), epitaxial silicon layer doped by P donors has been grown by
ITME (Warsaw, Poland) on the CZ substrate forming a simple n-n* structure.
3. p*-njunction formed by B implantation on the epitaxial layer in a standard way using planar technology
by CiS (Institute for Micro Sensors gGmbH, Erfurt, Germany) in order to obtain p*-n-n* silicon detectors.
4. The detector active thicknessis that of the epitaxial layer.

%)

p*-implant =~ 1018}
] [

SIMS profile by ITME

Epitaxial layer, n-type

Oxygen Concentration (cm
(=
o

=

Q

o
o

10 20 30 40 50
Epitaxial layer depth from frontside (mm)

Advantages

1. Thin detectors present moderate depletion voltages even if highly doped (Vdep,(,:qWZNeff,O/Ze), with the advantage
that the Space Charge Sign Inversion (SCSI) effect of the active layer, if present, is moved to higher fluences.

2. The CZ substrate is the backside n* ohmic contact, which is not depleted due to the high Sb doping level and acts
also as amechanical support for the thin epitaxial detector.

3. Due to the high oxygen concentration in the CZ substrate ([O]»10'® cm3), O diffusesinto the epitaxial layer
during the high temperature growth process improving the detector radiation hardness.
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Thin detector radiation hardness: epitaxial vs thinned

(E. Fretwurst et al., 4" RD50 Workshop, http://rd50.web.cern.ch/rd50/4th-workshop)

20-24 GeV proton irradiation

1507‘\ T T T T j “‘””’ 250- L L L e '71.4
Ta:80°C 200: T,=80°C o 7 12 _
o s ] 0?
| [ 110 &
ﬁloo : 7 > 10p los =
2. | o ITMEEP, 9.61E+14 plon? I_8‘_ ! 0 ITME-ER, 50mm ] 8
< | © MR-FZ, 170E+15 plo? >-c 100 © MPI-FZ, 50mm f 0.6 —
| 50; €0.4 £
’ ; 102
* R T
0“0 ! \\\\\H‘l Lol Lol Lol Lo
10 10 am;gf ing time [1,?:, ol 1o 10 proton fluence [10* cm?]
short term® V ,, decrease L "low" [Q]
FZ thinned long term ® V., increase « FZ1 Irlgd i predominant acceptor generation
' einverted to L U
(typeinverted to (predominant acceptor generation) 25 P during irradiation
short term® 'V, increase = “high" [O]
Epitaxial long term ® Vg, Olecrease Epitaxial predominant donor generation
(no type invert (predominant acceptor generation) (no type inverted) during irradiation

no Ve, reverseannealing at RT!
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Thin detector radiation hardness: epitaxial

(G. Lindstrom et a., 3" RD50 Workshop, http://rd50.web.cern.ch/rd50/3rd-workshop)

300 e .
_ {12
o -
250
| = 58MeV Liions vy 110
* Reactor neutrons .
20F 24 Gev protons 18 —
~ A 10 MeV protons F E
g =)
> 5
14 Z2°
* 12
0 - S 0
0,1 1 10

F [10°cm?]
€q

Epitaxial sensors can be type-inverted by neutrons
("low" [Q] for cluster defects ® predominant acceptor generation during irradiation)
but the high doping of the epitaxial layer moves the SCSI point to high fluences,
and V., is expected to be not higher than 125V at F , =10%° cm,
so confirming the extreme radiation har dness of this technology.
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3-D detectors

-Proposed by S.I. Parker, C.J. Kenney and J. Segal (NIM A 395 (1997) 328).
-Called 3-D because, in contrast to silicon planar technology,

have three dimensional (3-D) electrodes penetrating the silicon substrate.
-Important researches are now under investigation by a collaboration (not in RD50) within
Brunel Univ., Hawaii Univ., Stanford Univ., and CERN (seetalk by A. Kok, tomorrow).

Picture taken from
C.J. Kenney et a., IEEE TNS 48 (2001) 189.

1
[}
. =

Advantages:

-depl etion thickness depends on p* and n* electrode distance, not on the substrate thickness,
-lower collection length than planar technology;

-lower charge collection time than planar technology.

particle nartiﬁle
n n*
ﬂ‘?\ —electrades [22270 ';?:E':':':':':':':':E':':':':'—’—'t'-'-il‘%
il o 300 pm E Picture taken from
8 g  C.DaViaeta., NIM A 509 (2003) 86.
i Ty
dppmh x'k B
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3-D detectors: going on activity in RD50

M. Boscardin et

e Detector masks: Glasgow University
e Deep reaction ion etching: CNM, Barcelona ==
e Detector processing: ITC-IRST, Trento

1

Surface Top
Poly 1.05mm 0.8mMm
TEOS 0.96mMm 0.7mm

E 5
> >
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§ :
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Semi-3D detectors

(seetak by G. Kramberger, tomorrow) o pre-amps,

Proposed by Z. Li (NIM A 478 (2002) 303).

G 3L

Single-side detectors with alternative p- y
and n- strips on the front side. B Pt
Advantages [sio ] a Al Al Al Al
1. Single-side detector process. - 0 = T
2. After SCSI, the depletion occurs from both N \ol : d
sides reducing the depletion voltage by factor 2.5. Ml“m) = B \l,
Under investigation: u e back
Complex electric field distribution before and after SCSI. oL
D+-MH_FLFr p-n+_p_reCoupled mangr - pan+_p n+Coupled_des.dat
BEFORE SGSI

25
50

75—

190

Y [um]

100

Y [um]

125
125 3
150
150

175

175

bt

(. Li and D. Bortoletto, 4" RD50 Workshop, http://rd50.web.cern.ch/rd50/4th-workShop)
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Stripixel detectors

Proposed by Z. Li (NIM A 518 (2004) 738).

Pixel electrodes arranged in a projective X-Y readout.

Characteristics:

1. Projective readout of double-sided strip detectors minimizing the read-out channels;
2. Two-dimensional position resolution of pixel electrode geometry;

3. Single-side detector process with double metal technology;

4. Key parameter: standard deviation of the collected charge distribution: ¢ (»10 nmm).

-Individual pixels alternatively connected to X- and Y - read-out. -Each pixel isdivided in two parts (X- and Y -cell).
-Charge must be collected at |east by two pixels. -Charge must be collected at least by one X- and by one Y -cell.
-Key condition: c2 pitch -Key condition: c2 interleaved distance between X- and Y - cells
-Resolution can be better than pitch. -If pitch>c the resolution is fixed by the pitch.
et (o8 1
Y -strip
readouts
AN
AT T T AT
Al ) “S g = .
_‘/r” ,-"H:f :'%g___‘ 1 - — .,x:,{_, Line connecting

Y -pixels
{lfﬂ _\]}

= - L ]
"L;x_- | e To sreiras b o
: V_‘/J sty rﬁ:$ read-out s
s |

h-type 5l
l The gaps between pixels - ) E
are enlarsed for clear FWHM for charge (15 Al
Il illustrations diffusion ( AT

Pe=thre
-[-E]

Alternative to macro-pixel detectorsin the S-LHC upgrade between 15 cm and 60 cm?
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n*-p detectors on DOFZ substrate

z F=1.1 10% 24 GeV plcn?
1. CCE(V) isimproved if the read-out isat the 5 R
high electric field contact: n*-p detectors(no g = o
SCSI) better than p*-n sensors after SCSI. £ °° v~ ()
2. DOFZ p-type substrates are expected to be  § * e ey S
more radiation hard than FZ p-type Si. g o2r—
2 200 400 600 8O0 1000
Bias (V)
25
’g 20
g ; V5800V
Area 1" 1cn? e g Vo800V
Thickness: 280 nm Sk @
Number of strips: 100 W, H
Read-out: SCT128 chip at 40 MHz ©
Source for CCE: 1%Ru 0

0 2E+15 4E+15 BE+15 BE+15 1E+16
24 GeV proton fluence [cm?]

A 4

Charge, collected at 900 V bias after 7.5” 10 24-GeV p/cm? (5 10*° 1-MeV equivalent neutrons/cm?) for DOFZ p-type
detector, is6500 electrons (corresponding to the charge deposited in a 90 mm thick un-irradiated silicon sensor).
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CCE simulations of pixel detectors

(T. Lari, Proc. of the 10"V CI, Vienna, 16-21 Feb. 2004)

|_Charge vs fluence |
= 25— : :
x [ e 250 um DOFZ
Hypothesis: %’ 20y v 250pmFZ B
1. Pixel dimensions: 70° 70 mm? to cope with s [0 o 250 pm Czochralski
increased track density at SLHC. 153 . * 50 pm epitaxial Si
2. T=-10 °C. - .
3. Read-out at the high electric field side: - Y
-n-side for FZ and DOFZ (type inverted); 101 .
-p-side for Cz and Epitaxial (no type inverted). - v
4.V, . 600V for FZ, DOFZ and CZ; o s
150 V for Epitaxial. R 1 e
- s ’ ®
(seetalksby T. Lari and G. Kramberger, tomorrow) T ‘i‘ —— é —— é 1'5 — 1i0 :
Fluence (10 neqlcm"2)
101° neq/cm'2 fluence: » DOFZ better than FZ when the latter is no longer fully depleted at 600 V.

* DOFZ (n-side read-out) dlightly better than CZ (p-side read-out).
* Epitaxial signal very low (because of thin sensor).

10 ng,/cm 2 fluence: « All detectors are similar (trapping dominant).
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CCE in SIC and GaN

RD50 Workshop, http://rd50.web.cern.ch/rd50/4th-worksnop/)

(A.Blueeta., &

Material

Unirradiated CCE

Irradiated CCE

GaAs

100 % (MIPS) [2]

50 % (2x 10" 24GeV protons/
em’) [2]

SiC (100 pm bulk

60 % (5.486 Am>" alpha)

50 % (10" 300 MeV/c pions/cm®)

V doped) ** [3] [3]

SiC (epi layer 30 | 90 % (5.486 Am™"" alpha) | 60 %(10"" 24 GeV/c protons/cm®)

Lm) [4] [3]

Diamond 24 % (Mips) [6] 18 % (10" 300 MeV/c pions/cm®)
[6]

GaN 95 % (5.486 Am™" ' alpha) 77 % (10" 1 MeV neutrons/cm®’

10% (10" 1MeV neutrons/cm?)
5% (10'® 1MeV neutrons/cm’)

Si assumed to have 100 % CCE for all radiation types before irradiation
** 10" cm™ Vanadium (V) doped SiC maximum CCE 60 % [7]

[2] U. Biggeri et al, “Noise behaviour of semi-insulating GaAs particle detectors before and after

proton irradiation’, Nucl. Phys. B (Proc. Suppl.) 78 (1999), 527- 532

[3] W. Cunningham et al, ‘Performance of irradiated bulk SiC detectors’, Nucl.Instr.and Meth. A

509 (2003), 127- 131

[4] G. Verzellezi et al. ‘Investigation on the charge collection properties of a 4H-SiC

Schottky diode detector’, NuclInstr.and Meth. A 476 (2002), 717- 721
[5] F. Nava et al, “Radiation tolerance of epitaxial silicon carbide detectors for

electrons.protons and gamma-rays’, Nucl.Instr.and Meth. A 505 (2003). 645- 655

[6] W. Adam et al, “Radiation tolerance of CVD diamond detectors for
pions and protons’, Nucl.Instr.and Meth. A 476 (2002), 686- 693

A
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Summary

General considerations:

1. L eakage current can be limited only by decreasing temperature (" 2 every 7.5K);

2a. Char ge collection at the S-LHC fluences (3 4-6" 10'° cm?) islimited by carrier mean free path
and for planar technologies is less dependent on the detector thickness W.

2b. Benefits from W decrease: 1) gt W; B) Vot Negt™ W25 C) Ngy ol V oy o/ W2

3. High [O] required for limiting V 4, after irradiation thanks to donor generation (BD center) and
mitigation of the acceptor generation (VO and V.0 or V, related defects are competitive processes):
interesting results for M CZ (no SCSI with g-rays), CZ (no SCSI with high energy charge hadrons), and
Epitaxial on CZ (no reverse annealing for high energy charge hadrons);

Different technologies are under investigation in RD50:

1. Experimental data on different technologies are fundamental inputs for devices simulationsin order
to determine the W, [O] and N o values for the LHC upgrade. W can be decreased
accordingly to the maximum F and CCE required.

2. CZ and M CZ take advantage from higher [O] than FZ and DOFZ.

2. Thinned devices (50 mm) take advantage from V gL W2, but small area sensors.

3. Epitaxial (50 mm) on CZ takes advantage from V gL W2, high [O] and high N o (SCSI postponed),
large area sensors. Possible to increase the thickness to 100 mm to increase CCE.

Different detector layouts are under investigation in RD50:

iL§ (V 4ep depends on the p-n electrode distance not on W), (V 4ep lOWeEr by @
factor 2.5, but complex electric field), (Single-side detector process with double
metal technology for two-dimensional read-out, alternative to macro-pixels).
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More material on the RD50 WEB site:
http://rd50.web.cern.ch/rd50/
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