;. B Lecture 2:
i Semiconductor
M detectors

D. Bortoletto




" A
Outline

Tracking requirements for the LHC
Principles of operation of semiconductor detectors (4 slides)
Radiation damage (6 slides)

What did learn from the LHC detectors for the SLHC
challenges (lower power, less mass, higher radiation
tolerance and higher speed performance)

m Strategies to improve semiconductor detectors:
New materials
Defect engineering
New structures

Optimization of operation
conditions

m Electronics and integration issues

m Detector specific R&D and a
snapshot to the future

LHC luminosity upgrade Daniela Bortoletto
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Tracking requirements for the LHC

m Bunch spacing of 25ns = fast detector response to resolve bunch
crossings

m High luminosity: 1023-1034 cm2 s up to 20 minimum bias/bunch crossing

high detector granularity to keep occupancy low and resolve nearby
tracks 2

m Excellent momentum resolution for low and
high p; tracks

m High track reconstruction efficiency
m Ability to tag b-jets and identify B-hadrons and t's
Excellent impact parameter resolution

m Unprecedented irradiation level = radiation hardness et 4
eOperating T ~ -10° C to minimize radiation damage - :
eDose at 4 cm after 10 years: 500 fb-1~3x1015 cm2 H_>_bb LHC high
eDose at 22 cm after 10 years: 500 fb-'~1.5x1014 lumi

m Small amount of material in front of electromagnetic calorimeter
m Risk of failure (preference for known industrial technologies) and cost

B
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=
Tracking requirements for the SLHC

m Bunch spacing of 25ns (12.5 ns?) = fast detector response to resolve
bunch crossings

m High luminosity: 1033-10%* cm2 s (10%° cm s™1) up to 20 minimum
bias/bunch crossing (100 minimum bias/bunch crossings)

high detector granularity to keep occupancy low and resolve nearby
tracks 2

m Excellent momentum resolution for low and high
p; tracks

m High track reconstruction efficiency
m Ability to tag b-jets and identify B-hadrons and t's
Excellent impact parameter resolution

m Unprecedented irradiation level = radiation hardness
*Operating T = -10° C to minimize radiation damage
*Dose at 4 cm after 10 years: 500 fb-'~3x101° cm-2 (3000 fb-'~1.8x1016 cm-2)
*Dose at 22 cm after 10 years: 500 fb-1~1.5x10"* cm-2(3000 fb-1~9x101° cm-2)

m Small amount of material in front of electromagnetic calorimeter

m Risk of failure (preference for known industrial technologies), cost
LHC luminosity upgrade Daniela Bortoletto 4




MS tracker

m About 200m? of active silicon area

m 1440 pixel modules with 66 million pixels
=1 Pixel size: 100um (r-¢) x 150um (r-z), :
1 Charge sharing due to large Lorentz angle (23°) + analog readout
1 spatial resolution ~10um in r-¢, ~20um in r-z

m 15148 silicon strip modules ~10 million strips

Silicon strip detector

Pixel detector

Diameter 2.2m

Langh 5.4m

Volume 2£.£ m?

Ruming tempamium - 10° C
Dry avrosphere for 10 years
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. _
ATLAS tracker e

Forward SCT

m Pixel:

1 3 barrel layers, 2 x 3
disks = three 3d
space points for 98%
of tracks

1 Spatial resolution 2.2m \gh
~12pum in r-¢,~ 60pum

in r-z Pixel Detectors

mSemiconductor tracker (SCT):
14 barrel layers, 2 x 9 disks; 4088 modules, 61m2 B=2T
“JAIl modules are double sided (2.3°) o(p1)/Pt~2 [o(P1)/P1lems
m [ransition radiation tracker (TRT):
1370 000 drift tubes; spatial res. from drift time: 170um per straw
1IContinuous tracking ( > 30 hits per track), low cost, less material per point
“IElectron/pion separation
IConcerns: occupancy, speed (maximal drift time: 40ns)
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A silicon detector

p-type (N,) n-type (Np) particle
— " (mip) P’ n
el @ E:I
-:- i - @ 'I.é..h..

qHi)
CB %-L x meaue  mReversed biased p-n junction to establish
_ region with no mobile carriers

q
5 ﬂ— Viep =— - ‘Neff d*

S RN ‘Neff‘:‘ND_NA

T mlncrease external reverse bias
ﬁ _ Increase E field = e~ and h drift to electrodes
Electron and holes combine Increase depletion region size
Solve Poisson eq. Reduce capacitance = ge,A/d (Measurement
d 2 g of C yields full depletion voltage)
0 N ¢
¢(X) = Small current flow
ggn Daniela Bortoletto 7




"
Single sided detectors

m Make several p-n junctions by segmenting the p+ layer into strlps
m Connect the strips to individual readout channels

» Detector size
* limited by wafer size < 15cm
diameter
» Signal speed
» <E>~150V/300um
* p-type strips collect holes v, . =
15 um/ns
» Connect amplifier to each strip
 can also use inter-strip
capacitance = reduce number
of amplifiers to share charge
Rbias over strips
» Spatial measurement precision
+Vbias » defined by strip dimensions and
readout method c=p/V12

tallised strips

~300um

ohmic contact
& metal

300 um n-type silicon, : L
p=2KLrln.cm y(N ~2.2x 1012 cm2)=V =150V  ultimately limited by charge



.
Double sided detectors

m Segment both n and p-side= 2D Si0, gy
\\-++|_| 4+ 4+ |_|++|

~— [T

e

Al

m Problem electron accumulation layer p-stop’ rars Bl prarurararey il rors
n* strips are not isolated because of an - -' : C T
accumulation layer at Si-SiO,, interface
due to positive charges in the SiO, layer —_—

m Solution: “p-spray”
p-strips between n-strips (p-stops) /;:&:'__
Moderate p-implantation over the all pr| I
surface (p-spray) e
Metal at negative potential over n* strips  “field plates”
to repel electrons (field plates) e I e g I

- - : : PRV S | VISR ) S
m These isolation techniques are also used in S - -
n+ on n detectors . Advantage v=pE: n” n”
.= 1350 cm?/V-s>> p, =450 cm?/ V-s P




o
S/N before irradiation

m Collected charge usually given for ~
Minimum lonizing Particle (MIP): Most probable charge » 0.7 mean
Mean dE/dx)g; = 3.88 MeV/cm=116
keV for 300 um thick Si
Most probable loss = 81 keV for 300
um Si
Since 3.6eV needed to make e-h pair 200+

= charge in 300 um= 22500 e-
(=3.6 fC)

m Landau distribution has a low energy :
tail which broadens because of noise. ;
2

Noise sources:

= Capacitance ENC < C,

= Leakage Current ENC o V|

= Thermal Noise ENC « ( kT/R)

Measured Landau distnbution

n a 300 um thick Si datector
{Woad & al, Urev, Okiahama)

se= 15 higvie alestran Visnloy
Bwcry calculstian

£

07 T T " 1
20 349 40 50 EO0 TQ 8QC 80 100
charge oeposiied (femio-coulombs)

mTypical Values S/N > 10-15
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A4
Bulk Damage- | 4
Microscopic view

F Bulk damage is mainly from hadrons
displacing primary lattice atoms:

"1 Vacancies, silicon interstitials, and
large disordered regions

11 MeV neutron transfers ~60-70
keV to recoiling silicon atom,
which in turn can displace clusters

E Defects can recombine or migrate
through the lattice to form more
complex and stable defects

"1 Annealing can be beneficial
"1 Defects can be stable or unstable
B Defects add levels in the band gap
affecting macroscopic properties: N,
trapping and leakage current

0,

Y O30 O O Oe) O O
e e o e o o o o .\

’ [



" J
Surface Damage

m Surface damage generation:
lonizing radiation creates e-h pairs in
SiO,
Many recombine, electrons migrate

quickly, holes slowly migrate to
Si/Si0, interface since p, ;. << Kgjectron

Some holes ‘stick’ in the boundary
layer

m Surface damage results in
Increased interface trapped charge
Increased fixed oxide charges
Surface generation centers
m Macroscopic effects
Increase in the sensors capacitance
Decrease in the interstrip resistance
Surface current
Risk to readout electronics
m threshold shifts
m hoise and gain deterioration

Oxide (Si0,) i 4+, -
. T + Lt 4=
Interface (SiO,)— -
Semiconductor
(Si)

]

After electron © = 4+

transport: N

]

After transport
of the holes: Lo

12



. ﬂ_
Effective doping concentration ‘3‘

B The depletlon Voltage Viep (INesl J -NA|) changes

, dep \"rertt g B A - &
Z 5000 10

= 1000l Wlth fluence o < 8 with time (annealigq):
K 500 5 ; & S Y
I 100? type inversion ~,~ ) :O ?2 I |
8 50: 10"cm 110! 2 I_lﬁ 4l i
= - 2 el |
— 10* | 100 T < 2 gc q)eq

g SE netype "p-type" 23 ~Neg——

| ~ 0 ‘ L, Tl PIObeds 199, Uni Harburg)

- i oo v s | o1 1 10 100 1000 10000

ol 100 1o 102 10°
D, [ 10" e ]

Most irradiation damages in the
Si behave like acceptors =
“Hamburg“ model

annealing time at 60°C [min]

» Short term: “Beneficial annealing”
* Long term: “Reverse annealing”
- time constant depends on temperature:

‘Neff ((Deqa »T)‘ _|N — NA| ~ 500 years (-10°C)
N_ (P, .t.T) Annealing ~ 500 days (20°C)
' ~ 21 hours (60°C)
+ N (@) Constant Detectors must be cooled even when the
4 Ny(q)eq, T) aifarmeaig experiment is not running! 13




'_
What did we learn for LHC?

Operation of devices at higher bias Voltages

« CMS: Metal overhang design Al strips overhang implants—> high
breakdown voltage since V,..,(Si0;) > Vyrear(S1) a1/ AS strips |

Al strips ] Metal shields
— — implant Field plate geometry (Hamamatsu)

\@@H D
= = Hwb

G nbitk 1im s e
S S '//{///{///{/////// //.J’///.J’///.

A

/’/;g/f;f;/fg,//as{“ax;w/ﬂ K e
s

s .J’///.J’///.J’//

i
"zf'f Vi /@;ﬁ//ﬁﬁ”ﬂﬁﬁf’/%//fz@’ﬂ &

Si0 ,

ATLAS: field plate geometry for the Hamamatsu detectors (86%), non field
plate CiS (14%). CiS detectors show sensitivity to humidity




What did we learn for LHC

m Oxygen is good!!! (RD48 was

formed at CERN to develop

radiation hard sensors for the

LHC.)

DOFZ silicon has less variation in
V4 With radiation compared to FZ

= more radiation hard

= Atlas and CMS barrel pixel
detectors use oxygenated

silicon

D B-Field (4T)

4300

10
A Carbon-enriched (P503)
- W Standard (P51) Carbonated
-0~ O-diffusion 24 hours (P52)
8 F o O-diffusion 48 hours (P54)
—A- O-diffusion 72 hours (P56)
61 Standard
7 Oxygenated |
2 N x |
0 I . I
0 1 2 3 4

14 -2
CI)24 GeV/c proton [10 cm ]

m Space Charge Sign Inversion
(SCSI)

1600
1500

1400

n-on-n sensors allows operation

with undepleted detectors.
Faster charge collection

Option chosen for Atlas and
CMS pixels



" A
Models with constant N_

Charge collection measured
using cluster profiles in a row of
pixels illuminated by a 15°
beam and no magnetic field

after type inversion

Z axis
y axis

p+ sensor backplane

——  track
Collected charge d

High electric field
Low electric field

n+ pixel implant

Bump bond

p+ n+ 3:

implant implant C

p- bulk S f

-HV >
1H| p stop —= 2150
< f

SR 5

D

® 0.5[

L 0L

Nes=Np-N,<0 N
<« 270 pm B

(5]
[
I

e -
I|IIII

V., =150V |

bias

N, =-4.510"" em™]

N
%3]
II|III

Measured

2
TTTT

—
I|IIII TTT

® = 6x10'4 n/cm?2

Charge (Arbitrary units)
.-

=

'Ez.i

fully depleted

parﬂy depleted

0 500 1000 1500 0 500 1000 1500

Position (um) Position (um)

Model with constant space charge density

does not describe the measured charge collection
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Two trap model and double peak E field

o000 .
" Econduction E Ap = trap energy level fixed
Electron % /E’ N ot ob N, p = trap densities from fit
traps ¢ ___: acceptor __ E.0526eV " £: %% o =trapping cross sections
. Ey+0.48 eV donor N _.o6”,60  from fit
@ @
traps ®,=6x10"* n/cm?,
v
N,/N.=0.40, 6./5.=0.25
E"ufalence ) it
J L e Dat i : : :
.a a , n+-p junction n-p+ junction
LI I N B B B B L | === SImUIatlon 2.0-1013 - - 20000
3-— “ V ) =15u v - - H+SIdE @=5.9K1014 neqCIn_E P+Slde
bias : "’E ‘l Viias=100V
2.5F o "E:*- 1.0-1018 |5 — p(z) " 1“@
~ f E - \ I <
i ‘ E \ E n-doped ‘E‘
\;1_5_ . 3 D-----\ **************** " = 10000 E
S % b / :
g _ S |pbpea ,
O S " doubly-peaked / E
0.5 g 1010 I E field ! 6000
'
‘.‘.I...H.—'. ‘.-././l‘...l“.
T AT I A . -M-lﬂ‘au 50 100 :; 200 250 °
0 500 1000 15 ' '{; — IS:’.larJl L Imln-nl — |150-D z position (um)
Position (um) 17

Position (um)

V.Chiochia, Vertex 05
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Leakage Current y-N

i Change of Leakage Current (after hagron ‘i‘r‘ra‘d‘i‘at‘ion‘)‘w

6
. ntypeFZ 7t025KQcm o i o . 1
o ntype FZ-7KQem & 'g‘ 51 80 min 60°C 5
o0 10} X n-type FZ - 4 KQcm E O 3 |
O n-type FZ - 3 KQcm
§ 1073} m p-type EPI - 2 and 4 KQcm 3 4r 14
—  |With fluence ; < 3 With time 13
10_4 i v n-type FZ-780 Qcm | — 3 . 1
> o ntype FZ-4100cm — - (annealing) 15
— n-type FZ - 130 Qcm B/ | ) . voa ]
< 1051 n-type FZ - 110 Qcm | » oxygen enriched silicon [O] =210"" cm
e n-type CZ- 140 Qcm | 1} - parameterisation for standard silicon 11
] ¢ p-type EPI - 380 Qcm | 0 I [M.Moll PhD Thesis] |
10} o TE T 1015 1 10 100 1000 10000
D, [cm™] Il D s annealing time at 60°C [minutes]

m |Leakage current decreasing in time

= Damage parameter a (slope in figure) (depending on temperature)

Al Leakage current
o = per unit volume m Strong temperature dependence
V. - and particle fluence B E,
eq | oc cXp 2kBT

m o is constant over several orders of _, Cool detectors during operation!

fluence and independent of impurity Ex: 1(-10°C) ~1/16 1(20°C) '

concentration in Si = can be used for '

flilience measiirement
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Trapping 7 3

¢ Deterioration of Charge Collection Efficiency (CCE) by trapping

Trapping is characterized by an effective trapping time 1 for e- and h:

1
Q.. (1) =Q,,, exp| —— -t where oc N gereets ¢ fluence
Teff e.h Teff e,h
Increase of 1/t with fluence 1/r changes with annealing
“wn 0.5 24 GeV/e proton irradiation A E 0.25 | 24GeVie proton irradiation
A= , : © ! Dy =4.510" cm?
:P 0.4 e data for electrons o . -
o . o data for holes . g 0.2 0 <
g 03 At &
£ 02 S tos ﬁ |
& | £ 0.15} 1 |
3 5 " bt
& 0.1 A | o data for holes E 1
% | [M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmund] | q>) - data for electrons 1
0>) O A . | 7 . | T . ' | T " | 14 . s E 0 1 ‘ ‘ ‘ [M‘.Muu;Datazo.KraseLPh‘nmesiszn?mum Dortmund] |
particle fluence - @, [cm™] annealing time at 60°C [min]

V4 AN

7o (10™) =2ns W=V Ter =(107cM/s)x2x107s=200um | Huge

7 0. Decrease
(10 cm/s)xleo s—ZOym:> N CCE?

7. (10'°)=0.2ns W=V, Tor




" A
Current LHC trackers

1015 ¢

1oL |

C i-'-l—-i,
- Pixel |
3x10Mem=2— o

.

SCT - barrel !

total D,

A
% [
— 10} :
eu | 1— neutrons @,
[ 1— pions @,
12]
107 . 1 other charged
- | Pixel ! ~———= | hadrons @,
ipmﬂ |  SCT - barrel :
0O 10 20 30 40 50 o0
Mostly R [em] Mostly
pions neutrons

LHC luminosity upgrade

Daniela Bortoletto

CMS

m Three regions to match
radiation damage and
occupancy

n-on-n pixels (r<20 cm)
n®=3.0 x10"4 cm2/year,
270 um thick sensors Low
resistivity (1.5-2 KQ-cm)
oxygenated for the barrel.
p-on-n strips
mlnner region (20cm
<r<50cm)
®=1.6 x10" cm2, 320
Mm thick, Low resistivity
(1.5-2 KQ-cm), pitch
~80 um
mOuter region (r>50cm)
$=3.5 x10'3 cm-2, 500
um thick, High
resistivity (3.5-7.5
KQ-cm), pitch ~ 200 ym



=
SLHC and tracking

H—>ZZ—>eepy m(higgs)=300 GeV all tracks with p;<1 GeV removed

SLHC 1035 cm-2s-1
ﬁ""‘

LHC __1033 cm 25'_ -

m Integrated Luminosity
(radiation damage) dictates
the detector technology

m Instantaneous rate (particle
flux) dictates the detector
granularity

more granularity if we aim
at same performance we
expect from the LHC
trackers

® (p/cm?)

Technology

1014

Present p-in-n
(or n-in-p)

Limitation |,

20-50

1015

Present n-in-n
(or n-in-p)

Limitation V

~10Ke-

<20

1016

RD needed
Limitation
trapping

~5Ke-
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Radiation hard devices for the SLHC (RD50 et al)

m Silicon Defect Engineering * Device Engineering
0 Understanding radiation damage - p-type silicon detectors *
m Macroscopic effects and (n-in-p)

Microscopic defects « thin detectors
= Simulation of defect properties & , 3p

kinetics .
m Irradiation with different particles & ) Ser_m_3D detectors *
energies Stripixels
ﬁ 1 Oxygen rich Silicon » Cost effective detectors
= DOFZ, Cz, MCZ, EPI « Simulation of highly
1 Oxy. dimer & hydrogen enriched Si irradiated detectors
-1 Pre-irradiated Si * Monolithic devices

O Influence of processing technology Change operational
m New Materials

S 0 Silicon Carbide (SiC), Gallium Nitrige CONdItions
(GaN) . CERN-RD39
- Diamond: CERN RD42 Collaboration ~ “Cryogenic Tracking ot
* - Amorphous silicon (TFA) Detectors”

LHC luminosity upgrade Daniela Bortoletto 22



Poly silicon: F Float Zone

rod

F Using a single Si crystal seed, melt the vertically
oriented rod onto the seed using RF power and
“‘pull” the monocrystalline ingot

E Can be oxygenated by diffusion at high T

Single crystal ECzochralski silicon

i " OPull Si-crystal from a Si-melt contained in a silica
crucible while rotating.

OSilica crucible is dissolving oxygen into the melt =
high concentration of O in CZ

OMaterial used by IC industry (cheap), now available
in high purity for use as particle detector (MCz)

silica
@ " crucible

E Epitaxial silicon
OChemical-Vapor Deposition (CVD) of Silicon
OCZ silicon substrate used = diffusion of oxygen
OGrowth rate about 1um/min
OExcellent homogeneity of resistivity
0150 um thick layers produced (thicker is possible)

Oprice depending on thickness of epi-layer but not
extending ~ 3 x price of FZ wafer



" J
Oxygen concentration in FZ, CZ and EPI

¥ Epitaxial silicon
1 Cz: high homogeneous concentration P

and formation of Thermal Donors EPI
(reducing acceptors due to radiation) layer
5 15 Sy :
& | \ E g =
= f — ] & 2 2
& 1018 B 1018 "’E 1018 . |
L | o I
, : 3 4
,,S 5: :5 = :
5 f s
g 10"} 107 E 1078 . SIMS 25 um
D) i ] = FN . SIMS 50 um
Q 5¢ 15 8 She . SIMS 75 um
g L \ , g o simulation 25 um
> " DOFZ 72h/1150°C 1 59 S?m;}agon ;g pm
0 16 G.Lindstrom etat-; 10t EStbIEAERHpasibn
O 1016 7: Bgf;é ;iﬁ//illi'gog = N (G Lindstroem et al | E 1016 10 % [ Semiconductor Detectors, 12-16 June 2005]
0 50 100 150 200 250 ° 2010 20 30 40 30 60 70 80 90 100
depth [um] Depth [pm]
m DOFZ: inhomogeneous oxygen m EPI: inhomogeneous O concentration
distribution, increasing with time at high due to diffusion from substrate into epi-

temperature | layer during production



Standard FZ, DOFZ, Cz and MCz Silicon

B Standard FZ silicon

type inversion at ~ 2x10'3 p/cm?
strong N increase at high fluence

m Oxygenated FZ (DOFZ)

type inversion at ~ 2x10'3 p/cm?
reduced N increase at high ¢

m CZ silicon and MCZ silicon
no type inversion in fluence range

800

L = CZ<100>, TD killed

- & MCZ <100>, Helsinki
- o STFZ<I11> e

- 4 DOFZ<111>,72h1150°C -~

424 GeVlc proton
," /,‘/ . . .
0 2 4 6 8 10

proton fluence [10'* cm™]

Verified for CZ and MCz silicon by TCT measurements —
donor generation overcompensates acceptor generation
m Common to all materials (after hadron irradiation):

reverse current increase
increase of trapping (electrons and holes) within ~ 20%

Many groups are studying MCz: INFN, Glasgow, BNL, Helsinki Institute of
Physics HIP, Purdue, Liverpool, Rochester etc....



" A
Irradiation studies SMART

elrradiation with 24 Gev/c protons at CERN SPS to 6.0x10"3, 3.0x10"4,

3.4x10" n . /cm?; Irradiation with 26 MeV protons Karlsruhe in the range:
1.4x1013-2.0x10%® n,, /cm?

n-type s o
e > ® = 5.39x10'"* n/cm’
= - W1253 Fzn 8
8.0E+12 - - e - W1254 Fzn 2
= W127 MCz-n . c 600
7.0E+12 «— W179 MCz-n ] .%
wimezn |\ F/Z dashed- E
6.0E12 - —e— W115MCzn , a3
_ - - - w1255 SFZ line 200
:? —— w160 MCzn
= 5.0E+12 1
L
£ 408412
= 200
3.0E+12 1
20Bx12 1 Tannealing=800C
0IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1.0E+12 - 0 100 200 300 400 500 600 700
4 ) Annealing Time (min)
s
0.0E+00 : ‘ ‘ : : . :
0 2 4 6 8 10 2 MCz: |mproved reverse anneallng
V. Radicci, RDO5  Flences (1014 nem”-2) could simplify operational conditions
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" I
EPI Irradiation

G.Lindstrom et al.,10t" European Symposium
on Semiconductor Detectors, 12-16 June 2005

m Epitaxial silicon grown by ITME
Layer thickness: 25, 50, 75 um; resistivity: ~ 50 QQcm

1014

Reactor neutrons

cm™]

e

510" I

Netr (to)

¢ 50 um
o 25 um

0 P S (S S N SN S S SN
0 210 410" 610" 8107 10'°
(O [cm’z]

No type inversion in the full range up to ~ 10" p/cm? and ~ 10

Oxygen: [O] ~ 9x10"%cm-3; Oxygen dimers

4100

.1nl4

210"+ o 25um, 80°C
" & 50 um, 80 °C
A 75um, 80°C

—_
4]
e

3z
Vg4 (tp)[ V] normalized to 50 pm

23 GeV protons |

| =105V

] @5pm)

1 =320V
{(75pum)

0“‘\‘
0 2:10°

4108

6100

D, [cm‘z]

8105

‘1016

n/cm? (type inversion only observed during long term annealing)

Proposed explanation: introduction of shallow donors bigger than
generation of deep acceptors

LHC luminosity upgrade

Daniela Bortoletto
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o
E P I A n n e a I i n g [E.Fretwurst et al,RESMDD - October 2004]

m 50 um thick silicon detectors:
- Epitaxial silicon (50Q2cm on CZ substrate, ITME & CiS)
- Thin FZ silicon (4KQcm, MPI Munich, wafer bonding technique)

250 ““““““““““““““ i1.4 1507“ R R T T T “““‘7
? T,=80°C " — — T,=80°C |
200’ ) ig "’E [ = EPI(ITME), 9.610" p/en” . |
— i 1t 100
o — = EPI(ITME), 50pm | > .
= 100f o FZ(MPD.Soim | 82 = 5F e e 0 e
? 02 &
07 T R E S E N EE ] Oi“ o o o B lF‘Fre-w'steHngJ
0 20 40 60 80 100 10° 10! 10 10 104 10°
proton fluence [10'* cm™] annealing time [min]

m Thin FZ silicon: Type inverted, increase of depletion voltage with time

m Epitaxial silicon: No type inversion, decrease of depletion voltage with
time = No need for low temperature during maintenance of SLHC

detectors! _
LHC luminosity upgrade Daniela Bortoletto 28



" S
EPI SLHC

cm2
m SLHC-scenario:

1 year =100 days beam (-7°C)

30 days maintenance (20°C)

Radiation @ 4cm: @, (year) = 3.5 x 101

235 days no beam (-7°C or 20°C)

With cooling when not operated

I S-LLHC scenario
500

E - 50 ym warm
400}

> E - 25 ym warm

— 50 umcold

— 25 umcold

600 N

oling when nét

1095 1460

730
time [days]

O . L [ .
0 365

50 um EPI silicon: a solution for pixels

detectors at SLHC?

BRT%

Signal [e ]

G.Lindstrom et al.,10t" European Symposium on
Semiconductor Detectors, 12-16 June 2005 (Damage

7000

6000

2000

4000}

3000

2000

projection: M.Moll)

open - most probable signal

Y

neutron irr
proton irr
neutron irr
proton irr

-+-50 pm -
50 pm -
=75 pm -
=75 pm -

—<simulation (50 pm)

—o—simula*ion (75 unll) | | |
20 20 60 80

Q—l—llllllllllll!

@_ 10" em?]

m CCE measured with 3 from 20Sr

25ns shaping time

proton and neutron irradiations of 50
um and 75 um epi layers

CCE (50 pm) @,.=8x10% n/cm2,2300 e
CCE (75 um) ®=2x10" n/cm-2, 4500 e
CCE (50 um): ®=1x10"%p/cm-22400 e
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p-in-n versus n-in-n detectors

routing lines

pron-n

i

hole drift

Active region d

electron drift

traversing m.i.p. o implant

=

o0

S
T

=

M~

)
T

CCE (arb. units)
)
S

e e e e
Laser (1064nm) measurements

R

020/8xF T R0 5 G Hem)
Y
‘ [MM oll: D ta PAIIp 1 etal. NIMA513(2003)84]
0 100 200 300 400 500 600

bias [volts]

on 2nd metal layer  P=ON=N silicon, under-depleted:
lants « Charge spread — degraded

resolution
« Charge loss =reduced CCE

routing lines

NnTon-n on 2nd metal layer
S] 2 / / o implants
= '
f:]ﬁctmn drlft
Active region d
. hole drift D

/

n-on-n S|I|con, under-depleted:
 Limited loss in CCE

* Less degradation if under-depleted
 Collect electrons (fast)

1""1 ‘.-" YRl e .I-... :'-ll
”/ Y

traversing m.ip. }\PJ{ implant
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n-in-p microstrip detectors
m  Miniature n-in-p microstrip detectors (280um)

m Detectors read-out with LHC speed (40MHz) chip (SCT128A)
m Material: standard p-type and oxygenated (DOFZ) p-type

“»n 25
5 4 f
3 20} SLHC 24 GeV/c proton irradiation G. Casse et al.,
§ || R=40cm , NIMAS535(2004) 362
O ] 5t L i SLHC
S , ¥ R=20cm |
5 10} i 1 At the highest fluence
S s L Q~6500¢ at V,. =900V
[DtGC etal,, Livi verpo lFbmry2004] ...........................

..'9. " , } . —_— e
10 221015 4.1015 6 1015 g 1015 1016 ............ 1 ,
CCE ~ 60% after 3 10 p cmr fluence [cm ] CCE ~ 30% after 7.5 10" p cm

at 900V ( standard p-type) 900V (oxygenated p-type)

Charge collection in planar silicon detectors might be sufficient for all but
inner-most Pixel layer!

Benefit: Single sided processing ~50% cheaper than n-in-n
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Annealing of p-type sensors
time [days at 20°C]

20 0 | 500 | 1000 | 1500 | 2000 | 2500
%\ 18 * % % 200 V 4 = p-type strip detector (280um)
5 16 i irradiated with 23 GeV p
= 141 i 5 500V - (7.5 x 10" p/cm?)
S w L.1x 10"cm | m expected from previous CV
D) 12 - 35% 10V%em? (500 V) T measurement of V,:
P 10 5 ' . - before reverse annealing:
— 8 B e R S Vgep~ 2800V
E 6 ) - after reverse annealing
O 4 7.5 % 10%em? (700 V) | Vaep > 12000V
@) I | = no reverse annealing visible in
2 j [Data: G.Casse et al., to be published in NIMA] 7 the CCE measurement '
O | MM ll

0 100 200 300 400 500
G.Casse et al., 10" European Symposium on
tlme at SOOC[mlIl] Semiconductor Detectors, 12-16 June 2005
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Novel Materials

Property Diamond GaN 4H SiC Sl m Wide bandgap

E, [eV] 550777339 [ 326 | 112 diamond=5.5

Ebreakdown [ V/cm] 10 410° | 2.2:10° | 3:-10° SiC=3.3eV

te [em?/Vs] 1800 1000 800 1450 |<leakage current

wy, [cm?/Vs] | than silicon

Ve [CT/S] ~|m Signal:

7 Diamond 36 e/um
SiC 51 e/um

Er Si 89 e/um

e-h energy [eV] > charge than
diamond

Density [g/cm’]
Displacem. [eV]

m > displacement
threshold than silicon

_ —radiation harder than
mDiamond: silicon (?)

mDielectric constant (2.1 x lower than Sl) — low capacitance
mHigher Electron and hole mobility —fast collection times
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SiC: CCE after irradiation

m Material: epitaxial layers by 100%

CREE Res. Inc. and IKZ (Institit P

fur Kristallziichtung, Berlin) iy [n/e¢m?]
mDevices: Schottky diodes, g 60% - i —

Alenia Marconi Systems (Rome) & ** ~+-amEs
s Depletion depth: 20-40 pm ° e ld D=
nEffective doping: 5.3x 10" cm=2 %" Dy
mlrradiated with protons at CERN - IS S S SRS IS A Mo

PS to 1.6 x101%/cm?2 and 0 100 200 300 400 500 600 700 800 900

neutrons al Ljubjana to o Vbias (V)

7 x1075/cm? S.Sciortino et al., presented on the

RESMDD 04 conference, in press with NIMA

100% % T T T

= | CCE before irradiation

2 . E1100 e- @400 V with o particles

= E1400 e- @200 V with MIPS (100% CCE)

X *w_ CCE after irradiation

= \'20% CCE (a) after 7x107° n/cm?!

o _ w35% CCE (B) (~ 300 e") after 1.4x101
0. E+00 2.E+15 4.E+15 6.E+15 S.E+15 plcm2 muc Iess than in silicon

fluenee (n/em?)
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Diamond

mlonization energy is high: MIP~ 2x
less signal for same X, (w.r.t. SI)

Signal formation

limits carrier lifetime, mobility and
charge collection distance and
position resolution Q=Q, d/t where d= collection

distance=distance e-h pair move apart

Electrodas 1 —

Diamond: ~13.9ke- in 361 um Aauplifier
. Charged Particls
Sl: ~26.800 ke in 282 um .1
min Polycrystalline Diamond grain- # y
boundaries, dislocations, and t |/ Diemond ]|J-l e Crasticn
defeCtS: i I' S 1"':lzl'.-er.
L T

Polycrystalline
Diamonds
traditionally

grown by CVD

Daniela Bortoletto




Polycrystalline Diamonds

— RD42 in collaboration with vendors have achieved collection distance > 300 um

Charge Collection in DeBeers CVD Diamond

—_—
[75]
£ €,
o
L
g | RD42 Goal
el e s et
S “ 8 e
g o g% 0"
b o0 %, g
Q P o
. o 8 86 &
K L el SOSEEES R
o o 0 ; g @ .
= o toof o 0. Vo
o O B L g
Q ()G % L g
g P&, g 0
0 | ; g 0|§ % | | | |
1994 1995 1996 1997 1998 1999 2000 2001 2002

Time (year)

—Wafers diameter >12 cm

- Excellent radiation hardness
* 60% CCE at 2.9 10 n/cm?
» 23% improvement in resolution
« 25% CCE at 1.8x10'6 p/cm?
« Used in successfully for radiation
monitoring for BaBar, Belle, CDF, CMS

E& Walar 1

.35
i
2 o3
= 0.25
ims
a
i1

0035

05

=
=

0.4

300 um

=
|

—H

=

=4
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1 L1l
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Electric Flald [vima)

| Preliminary Summary of Proton Irradiation |

atve Signal
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-
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=
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0e
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a1

e
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Single Crystal Diamond

« Single crystal diamond has been fabricated with
Element six =10 mm x 10mm, >1 mm thickness.
» Largest scCVD diamond = 14 mm x 14 mm.

|__scCVD Charge versus Thickness _|

ER K = High quality scCVD diamond can
§ e collect full charge
R Ve m Width of Landau distribution is =
S 15000 = 1/2 that of silicon, = 1/3 that of
I 7 pCVD diamond
- - k3
NEy'd s
sﬂun: 7 i? _J__J’J"
Dl]:HID"I””1.'!.2”'Il]:llllIl]4””I]5””l]-.EHHI}TI”Il]ﬂ””l]!l””‘l % L
. . - . B el E
m Excellent mobility. For this sample:
my,, = 1714 cm?/Vs, p,, = 2064
cm?/Vs
High drift velocity = better lifetimes = o
charge trapping might not be an issue 12 1.4

Tlasld [Wipum]
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Diamond Atlas module

m Beam test at DESY with 4-6 GeV electrons
m Results: Noise ~ 137e, Mean Threshold 1454e, Threshold Spread ~ 25e.

B e e

A1 sut of ABIED pizaln with good i1 | aasi oot of 46080 posets with poos i

i

Harris Kagan
Vertex 2005

[Py
=
=
=

1
L
el

1,
e

Calumn

— Constant 3975 [__Theeshod dwtriution ] Constant 6722

i Mean | 1368 ~- [ ws| - Nikko, Japan
0 Sigma 10.1

Eo

wa0sf-

1508 =

100

Ei 15

Threshold scatier plot

Mo (g}
,iiiiﬁf

T T T e e B i CMS diamond pixel

m Preliminary efficiency >97.5%
1 still need to correct for dead or missing channels.
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Device Engineering: 3D detectors

(Introduced by S.1. Parker et al., NIMA 395 (1997) 328
m Combine VLSI and MEMS (Micro Electro Mechanical Systems)

mElectrodes: mLateral depletion:

Narrow columns processed inside the Lower depletion voltage

bulk instead then implanted on

Short collection distance =
Surface: 3D fast Signal
Diameter: 10um; Distance: 50-100um More rad hard
3D particle PLANAR  ~500 mm
. p* «—
*The edge
could
€
become E
electrodell 3
Q collection path 50um
Vdepletion <10V
Q Collection time 1-2 ns

10-20 ns
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3D detectors: characteristics

Am?24 spectrum

300

rLow Ieakag-e currents I 14 KeV
¥Low depletion voltages | i
rGaussian X ray lines é 17.KeV
eFast charge collection : i 1
Performance after WV/ av + B9 H KeV |
irradiation~105 p/cm? A A
. rraciated 300k Sr-90 40V bias )
oF o 3 good depletion -
i ° voltage ’

* UPWARD
2 DOWNWARD

50 V 100 V 150 V

- ° 1 | 1 -
time(ns} % 50 100 150
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production expensive

1) ETCHING THE ELECTRODES

WAFER BONDING
(mechanical
stability)

Si-OH + HO-Si -»
$i-O-5i + H,0

§ DEEP REACTIVE
[ON ETCHING

"
3D DETECTOR FABRICATION

Non Standard Processing: Wafer bonding, Deep reactive ion etching ,
Low pressure chemical vapor deposition, Metal deposition = Mass

2) FILLING THE ELECTRODES

LOW PRESSURE
CHEMICAL VAPOR
DEPOSITION
(Electrodes filling with
conformal doped
polysilicon)

2P0, +5 Si—> 4P + 5 SIO,
28,0, +35i -> 4 B +3 SO,

METAL

(electrodes
definition)
B Bosh process
SiF, (qas) +C,Fy

; 11 e

i
A

.Fﬂ

DEPOSITION

T

L l‘.-] ﬁ Shorting electrodes

of the same type
with Al for strip
electronics readout

C shaped test structure
~1 pm difference between top and bottom

Daniela Bortoletto

f ]r‘nu Jl]uulh r* or deposit metal for

bump-bonding
41



3D detecto rs Claudio Piemonte (ITC-irst)

*3D Single Type Column (3D-STC) aiming at n* electrodes
process simplification

—n+ columns in p-type substrate

—Bulk contact provided by a uniform p+ contac
on backside

p-type substrate

—Holes not etched through the wafer

—No hole filling (holes are doped but not filled
with polysilicon)

—CNM: Hole etching (DRIE); IRST: other

processing (contacts or polysilicon deposition
etc.)

'l\
Uniform p* layer

50 pm : -
1 electrons are swept
S—— oV away by the
‘W transversal field

holes dnft in the
central region and
diffuse towards p*
contact

="

Hole depth: 120um

IRST-Trento and CNM Barcelona

1

20V

ionizing particle
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Other new structures: Stripixel

m Several concepts for new (planar and mixed planar & 3D) detector

structures aiming for improved radiation tolerance or less costly
detectors (see e.g. Li - 6t RD50 workshop, or Bortoletto- 5th RD50 Workshop )
m Example: Stripixel concept or semi 3D:

2nd Metal

Bonding
Pad for
Y -strip

1000 Hm

Y -cell
(1% metal)
X -cell
st
2nd Metal (1* metal)
Y -strip \

X -strip

80 Hm

FWHM
for charge

diffusion

Go-to
0-1t0

Bonding
Pad for
X -strip

Z. Li, D. Lissauer, D. Lynn, P. O’Connor, V. Radeka

Extra slide

43



" J
Monolithic Active Pixel Sensors (MAPS)

B Hybrid Pixel sensors have B Much work is being done on MAPS to
achieved a level of maturity in  reduce mass (ILC)
HEP. Future problems are BEA MAPS is a silicon structure where the
cost, mass, and cooling of detector and the primary readout
detectors under high radiation. electronics are processed on the same

substrate.
S ™. #Only the top few microns of an IC
Readout Chip / contain active circuitry.

eThe rest is merely a support structure.

Bum
bonc

Detector

/  Nom-active Substrate

1
e icle frodk : _

II.'|1||‘|r||-: Irack

Eucewscr, Erakow




MAPS with Standard CMOS processes

0
C

P Well @ P Well
A -
41—
—\+
+ —
el &
+ —
10
o]
2
v , % N
o Substrate (P type)
mAdvantages

signal processing integrated on

sensor substrate

Sensors may be thinned down to

<20 um

Standard processing = chip and

fast turn around

m Many groups studying this concept:
RAL, IReS, Hawaii, INFN SLIM etc.

m Principle of operation:
Signal charge created in the epitaxial
layer Q=80e-h/um
The charge is ~1000 e- and it can be

measured because of the small
capacitance of the electrode

Used in CMOS cameras

* Challenges:
* Transistors options are limited

* Newer processes have thinner
or no-epi = vary small signals

» Sparsification difficult to
implement

 Limited readout speed

* Triple well processes in 0.13 um
are promising
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= = - Development centered at
Th iN F | I m on AS IC (T FA) CERN, Pierre Jarron’s talk
at Vertex 04
m TFA s an emerging pixel sensor

techno.lc_)gy ] A-Si:H intrinsic layer
m Deposition of a-Si:H layer above 30 micron thick
readout ASICs

L &)
FA ea/nubfvf/ N-doped layor
Polyimide & nitride 6+1 micron
Particle
Front electrode

a-Si:H diode

Rear electrode ASIC Silicon wafer
Insulation layer 600 micron thick
..... <§> ASIC
A-Si:H
Amorphous structure
Dangling bonds compensated by H b ® S
H compensates impurities or radiation- ® COORDINATION
induced defects ® ® perecr
Short time annealing ® o
Band tail formation due to bonding &
disorder o © 26



Lot (A

=
A:Si-H properties and rad hardness

ma-Si:H film ultra rad hard:

*No |, increase after a fluence of 1.8 x10'®p/cm?.

»Slight degradation of CCE and Photo-Conductivity after 3.5 x1015p/cm?
CCE. It can be recovered after 1 hour annealing at 150°C

P ——— Current vs Spill nr
_______ T 1.20E-05
1 i ] I 1 i
_______ i______i_____,:r_____i______i______i PI"O"’OI‘I . | —In Beam
R signal 00805 — Out of Beam
““““ R [ ettt ey s a Dose Markers
1 1 = [} 1 1 1
----- -e~ftime-constant 8 00E-06
1 1 1 1 1 1 =
""" o 5_ ¥ |
TV I S.9Ns | 5 600E-06
N N 3
T HE i T T 7] 4.00E-06 T
I S R b oo 4
W I I I I I
| _erreee———r—— —_— — 2 00E-06 ! i
E 3 T mews - - H ‘ ‘ 1lser15 ‘,1|51E15 “ H R
0.00E+08, - ,/,,' s : <=
. . . cooern C 1 1815 3629 5443 /7257 /9071 10885 12699 14513 16327 18141 19955 21769
a-Si:H detector film signal oo
N Spill nr (~ Dose [Protons/Cm#2])
» fast component from e

drift
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Advantages/Technical challenges

55

m CCE Not yet understood: . X
"I e-h creation energy 3.6-5 eV . 15 yum a-Si:H film
m Develop thicker film Il -
. 550 SEITE
m Low noise readout to handle 500 l_ff/j
small signal ' 50 ] Lﬁf'fl J
m Non-commercial process, o P
Deposition with plasma reactor - ;
IMT, Neuchatel - g
Rl eV atef i If“l Collect ~650e-
~ " e — el expect >1000e
200 -
‘ 150 ] T T T T T T T T T T T T T T T T |
—— (Field)” [(V/cm)']

-Uitraéréd- hard sensors
mLow cost pixel detector technology

*Film deposition cost estimated ~ 30% of
deep sub-micron wafer.

30 tm thick samble «For 8”, about $2000 + $600 for 100cm?
Planarity =edge effects (yield 75%)

e

Y
a

[~ 7]
(=
-
L
=1

)
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Change of operation conditions

m Device Recovery/Improvement Via Elevated temperature annealing
(DRIVE)

= Thermal annealing of radiation
damage in FZ or DOFZ:

If T>450 °C will destroy the ,
detector and/or electronics : o /

If T< 450 °C, reverse =
annealing (generation of more ‘=&
negative space charges) o E —
makes detectors worse : p .

m For high resistivity MC, Si thermal annealing with T= 200 °C - 450
°C will generate thermal donor (TD, positive space charge) due
to high oxygen concentration [O]

m IDEA: Adjust annealing T and time, and [O] so that TD creation
rate cancels compensates the original negative space charges

due to irradiation= manageable V
LHC luminosity upgrade Daniela Bo cﬁgtto

1.0E+14

HEpna

p-Tvpe NICZ

1.0E+13

LTI

B
W p-fyna h-‘f(x‘fp

1.0E+12

T RRmS
.....

T T T T
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" e Extra slide
DRIVE first results > Les BNL

m Detectors:
p*-n-n*pad structures with multi-GRs n-type MCz Si p=1 kOhm-cm,

p*-p-n* pad structures with multi-GRs p-type MCZ Si p=3 kOhm-cm

m |rradiation 24 Gev and 20 GeV protons 35240, 24 GeVic protons, Fp=Set4 am2

snnaallng at 450 C

mMeasurements:
After each annealing step (at BNL):

m |-V and C-V dependences (oEent §
m acurrent pulse response using TCT

with a laser pulse generation of non- P

equilibrium carriers B T + EL
After final annealing (at loffe Inst.): o ) o

= Spectra of deep levels (C-DLTS) ' T

*Interesting results. For ex. :

* |, decreases after 15t anneal, but increases at high biases

* After t,,,,= 305 min: |, becomes saturated

- After final anneal, |, decreased by more than 2 orders of magnitude
LHC luminosity upgrade 50
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Sub-micron technology increase in
___ATLAS . threshold
m LHC pixel development: 5,00, T}.Mm L j/ dISperS|0n
15K channels per cm? il CTTHTZ1 T (re-tuning
=unprecedented level of ssof | necessary
integration - 14111 + NG
140 MHz operation at power ™= T ] oise
density below 0.5W/cm? W o e change
“I1radiation hardness of 50MRad, ™ ' " Dose (MRads)

and high SEU-tolerance. m Technology was initially unavailable.

Gy G G Gy Adequate performance achieved in rad-
soft 0.8y CMQOS, but transfer to rad-hard
failed to meet requirements.

m The arrival of 0.25um CMOS with rad-
tolerant layout rules was key to
development of the current ROCS.

m \Working with mainstream commercial
vendor (IBM) = average yield of ~80%.

CMS Chip >t

Atlas Chip
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Sub-micron technology

ITRS Roadmap Acceleration Continues...Half Pitch

mBoth ATLAS and CMS are investigating IBM —
0.13y CMOSB8REF electronics: = e —
CIFirst measurements show that 0.13um 2 ’/ —
CMOS appears to be more radiation hard ¢ [+ " | ogum  |emoouiirio
than 0.25um CMOS. LRy || ek
CVT shifts at about 70MRad are reduced : | A — Hillea
by factors of 5 or more (X-ray studies). AR ;ﬁ\“\\b
1Cost of runs is high: 0.25um engineering % T | ‘\\
run is ~150K$, 0.13um is ~600K$ § 3
mCMS/ATLAS common chip development?? f Ty
m Can we fully use gain of 0.13 um?
- B Can we waive some of the special " o o oz wn me
T — design rules ? Year of Production

m|n 0.25 um DSM size penalty due to
Standard Enclosed Layout Transistor (ELT). Size
penalty, reduces sensitivity to SEU.

I!I—B u ATLAS Designed test chip in IBM 0.13
|- ' L CMOS technology to addresses
performance of SEU-tolerant storage
ELT schemes.

LHC luminosity upgrade Daniela Bortoletto
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Other major issues

m Uncertainty in the crossing

frequency: (25ns, 15 ns, 10 ns, and
12.5ns) = Critical for ROC

CMOS logic power is o« to CV2f

m The power supply voltage
decreases from 2.5 to 1.5 V going

from 0.25 um to 0.13 um =power
reduction of 2.77 at fixed f

m The gate capacitance/unit area
goes up, the gate area goes down
— decrease in C =1.73 for a given
complexity
m The frequency might increase
limiting the power savings.
Power in analog section is
ol XV

m Decrease in V reduces the power
by 1.66 at constant |

m The current in the analog section
may actually be increased to
compensate for lower dynamic
range limiting power saving

m [he requirement of more

granularity = increase in channel
counts = cooling = more mass

m Serial powering of high density
detectors can offer: reduced
number of power cables, reduce
mass, reduced power dissipation

WVa, Vd Va, Vd

S power _gm Va, Vd
traces/mod +sense +sense —sense

Yodule Module Module
Parallel Power Scheme

Constant

current
—-

Module [

Module

Module —|

Serial Power Scheme

mlLarge systems are hard to build

Qualification must be taken
seriously

Many complex system issues



Detector specific developments

m CMS and Atlas are starting look at detector configurations:

1000

100

Fluence [107*14/cm*2]

-
o

1

L=2500fb-1, Fluence .vs. Radius

[T
1
1
=
3+
€L
2T « y=1150x"°
S
w — E
2l %
L - | >
Yo . D
E I
N g Pixel System #3
\ Macro-pixel
N |
N\ |
A
™N
\\‘~Y

0 10 20 30 40 50 60

Radius [cm]

CMS-Horisberger
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Fluence [10'* cm-

L

N
o
o

-
o

Fluence for 2,5001fb

| TmnerT |° ! ! ]
- | Pixel : -
e i
[ Mid-Radius | | i
i Short Strips 7
; Outer-iladius ;
. i Like SCT ]
- i i i i .

0 20 40 60 80

100
Radius [cm]

m R&D needed below <20 cm
m Cost issues everywhere 54
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Summary

m At fluences up to 10'°cm-2 (Outer layers of a SLHC detector) the
change of depletion voltage and the large area is the major problem:
CZ silicon detectors could be a cost-effective radiation hard
solution (no type inversion, use p-in-n technology)
p-type silicon microstrip detectors show very encouraging
results: CCE ~ 6500 e; ®.,~4x10"> cm2, 300um, collection of
electrons no reverse annealing observed in CCE measurement!
m At the fluence of 10'%cm-2 (Innermost layer of a SLHC detector) the
active thickness is significantly reduced due to trapping.

Options are:
Thin/EPI detectors Radiation hard
3D detectors, TFA electronics for
Diamond low signals

m Performance of 0.13 DSM electronics is promising

m Integration issue (power, cooling and mass)
are complex. LHC experience will be very useful

to avoid mistakes
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