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Outline

Motivations
Principle of operation of semiconductor detectors

Macroscopic radiation effects on detector
systems

Possible radiation mitigating techniques
| HC Silicon detector experience
~uture HI-LHC detectors

This lecture will cover Silicon pixel and strip
detectors only




Why?

e Silicon is, among the materials
used to build particle detectors,
the one which is most similar to
a stone

e But nevertheless its crystal
structure is delicate when
exposed to high intensity particle
fluxes
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But this is where we want to use it
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The requests for future Silicon based
detectors

High Intensity LHC (HI-LHC) will eventually reach instantaneous luminosity
close to 103°*cm2s?

To extract good physics data at this luminosity the detectors should cope
with a flux of particles which is 210 higher than now, so we need

— Higher granularity

— Higher number of channels

— Higher power

— Better cooling
Scaling with the luminosity the radiation damage produced by the particle
flux accumulates at a higher rate

In HI-LHC detectors we expect a flux 10 times the one expected when the
present LHC experiments were designed

Some 100 times the one accumulated during the first two years of
operation

No way: the tracking detectors should be replaced after the first ten years
or even before



Principle of operation of a Silicon
detector

Reverse diode detectors: a short remind
Signal formation
Segmented detectors

Noise of the detector system: Sensor plus
Electronics



Semiconductor detector scheme

e High resistivity (~kC2cm) Silicon layer + ohmic
contact + reverse biased asimmetric junction
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Full depletion
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For d=300um, N 4=10'2cm3
p=4.4 KQcm
Viep=70V, E,...,=4.6KV/cm
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Segmented (microstrip) detector
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Stopping power [MeV c¢m 2/g]
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Signal

* Deposited energy / Mean excitation energy
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Signal

e Deposited energy / Mean excitation energy
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Signal

* Deposited energy / Mean excitation energy
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The most probable
Energy loss depends

1 on detector thickness:
1 About 60-70% of the
1 mean dE/dx

Most probable energy
loss in 300um thick Si
For a MIP is:
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S = 81 keV
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Signal fluctuation visualization

Energy losses of MIP particle along its path Dispersion of energy
losses
4
1
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Position [pixel]

Data are fit by
convolution
of Landau and
Gauss
distributions.

Energy [keV]

Cosmic ray
track
viewed by
Timepix
detector

55um pixels = measured most probable value = 14 KeV/55um =

255 eV/um (as expected)

http://aladdin.utef.cvut.cz/ofat/methods/MIPtracking/index.htm



RADIATION IONIZATION ENERGY (eV)

Signal

e Deposited energy / Mean excitation energy

18 T T T B T

v ALPHAS
© ELECTRONS
A PHOTONS

€:(14/5)E#rtfiw )
0.5<r(fwg)<1.0eV

BAND GAP ENERGY (eV)

The average energy to produce an
electron-hole pair in Silicon is ~ 3.6 eV

Most probable MIP Signal in 300um of
Silicon = 22500 [e] or 3.6 fC (75 e-h

couples / um)

Average MIP Signal in 300um of Silicon =
32200 [e’] or 5.2 fC (107 e-h couples / um)

C.A. Klein, J. Applied Physics 39 (1968) 2029
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Simulated Current Density

lonizing particle with 45° angle =0 S

Abs(TotalCurrentDensity) [A"cm”*-Z]
)1

Simulation Thomas.Eichhorn@kit.edu



t=1 ns
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t=7/ Nns

Mind all electrons
collected




Current pulses in strip detectors (track traversing the detector)

0.5 - 0.6 -
=< 041 =
2 n-STRIP SIGNAL 2 p-STRIP SIGNAL
E L 0.4
% 0.3 - e- drift toward strips % holes drift toward strips
3 :
| 02- |
< <
pd pd
O O
B 014, 2

1 \‘\ h’

T -o

0+ T 3 T T T 1 |
0 10 20 30 30
TIME (ns) TIME (ns)

Depletion voltage= 60V Bias voltage= 90V

The duration of the electron and hole pulses is determined by the time required to traverse
the detector as in a parallel-plate detector, but the shapes are very different.

Silicon Detectors — Refresher Course Helmuth Spieler
2012 IEEE Nuclear Science Symposium, Medical Imaging Conference, Anaheim, CA
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4.

Strip Detector Signal Charge

n-STRIP SIGNAL p-STRIP SIGNAL

SIGNAL CHARGE (fC)
SIGNAL CHARGE (fC)
A
\

TIME (ns) TIME (ns)

In both electrodes the induced current must be integrated over the full collection time to
optimize energy resolution.

Silicon Detectors — Refresher Course Helmuth Spieler
2012 IEEE Nuclear Science Symposium, Medical Imaging Conference, Anaheim, CA
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Noise

What is important to characterize the quality of a detector is its ‘signal-
to-noise ratio’

In @ 300um thick Silicon microstrip detector the minimum charge
produced by a MIP is about 70% of the MPV

If an electronic noise of about MPV/8 is superimposed the minimum
charge can mix to the pedestal (signal when no particle crosses the
detector) by 3 sigma

In this condition the detector '\
efficiency starts to decrease Landau distribution
and/or the noise contamination ‘
Noise
becames relevant
Landaq distlibution
with noise
M. Moll
0 300 300 200 500
Threshold ADC channel (arb. units)




Electronic noise

h-0m

T Vi
Cy quh@ Ry _O_ﬁmi
4kTRpQ

= detector capautance
ENC

~ 108 - /Iy(uA)T(ns)e™,

Ib = bias current parallel
R, = bias resistor ENC)? e =~ 24 \/T(ns)/Rp(MQ)e—

R, = strip resistance

ENCR ~ 24 . C o F . RS Q
V_.2 = Preamplifier noise tot (PF) - / Rs(Q)/7(ns)e

series

+ front end electronics: ENC,, = a + bC,

Noise = \/Z(ENCi )
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Radiation damage

e Surface damage

— accumulation of charge in the oxide (SiO,), traps
at Si/SiO, interface

— Depends on the ionization energy loss (Dose [rad])
 \Volume damage

— displacement damage =2 crystal defects

— Depends on the non-ionization energy loss (NIEL,
fluence normalized to 1 MeV neutron)



Surface damage

This effect is due to the presence in the SiO, and SiO,-Si interface of
positive charges

1. Fixed charges = from production process
2. Mobile positive impurity ions = same as 1.
3. Trapped holes = from irradiation

The trapped holes (less mobile than electrons) are generated by
ionization

— Heavy charged particles = high ionization density = high
recombination

— Electrons/photons = low ionization density = low recombination 2
dominates

This charged layer changes the electric properties of the segmented
side of the detector

— Increases the interstrip capacitance (C,,)
— Increases the surface current

— Reduce the breakdown voltage
Depends on the crystal orientation

Important for Linear Collider and Xfel experiments



Surface damage <111> vs <100>

<111> silicon <100> silicon
EZ.SE "I"ﬁ'l"'l E EZ.SE hm'l'ﬁ"l"'l"'l"'E
é 2.25 ;_ GEOMT AC B k(l.cm < 111 >A _; E:- 2.25 :_ GEOMT AC 1T kfl.cm < 100 > _;
- % 240 um u 3 - % 240 um 3
Ei 25_0 120 um ' EZ 25_0 120 um _
051.75 E_ B 80um _; UEI.75 E_ B 30um _E
1.5 - A 60um " E 1,5 3 A 60pum E
1.25F 1 125F : 3
1E E 1E 2 E
0.75F A 3  075F . E
0.5 E_/ z £ o=2x10™ cm=0.3+2.7(w+20)/pé 0.5 E_ Z* _E
L 3 C x m
0.25 F e s teng 025 F R e
0=...|...|...|...|...= 0'—...|...|...|...|..-
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(w+20 um)/p (w+20 um)/p
The C.. (main contribution to C,) increases w = strip width
with irradiation in <111> silicon but stays p = strip pitch
constant in <100> one Yellow = no irradiation

Dangling bonds at the SiO,-Si interface play an  Blue and green = 4*10'% p/cm?
importante role S. Braibant et al., CMS NOTE 2000/011




Volume damage

* Volume (Crystal) damage is due to (scales with) Non
lonizing Energy Loss (NIEL) and results in:

1. Change of effective doping concentration (higher depletion
voltage, leading possibly to under-depletion)

2. Increase of leakage current (increase of shot noise, thermal
runaway)

3. Increase of charge carrier trapping (charge collection
efficiency decreases)

e Signal-to-noise ratio could then be reduced
substantially

e The sensor total depletion could not be reached

e Safe detector operation is jeopardized by the possible
thermal runaway (sensor temperature increased by the
bias current, which is increased by temperature, which
...) =2 Positive feedback



It is defined as the amount ¢ "0 ' ' Prot'on T T

of energy released into the < ¢ ,— NIEL :

material by an incident ¢ |

particle which is not lossin @ ' [ p

ionization —f

This is the energy which & .57

breaks the crystal lattice 5

and introduce defects in the® /\

material 2 .52

Different particles have § :

different effectiveness in -

releasing NIEL; to compare 53 .

irradiation a possible F LHCspectra;™ .

solution is to normalize to ; EP h

the NIEL of a 1 MeV R IR I ||

neutron 10t 10> 10 100 10® 10 1d°
Er (€V)

NIM A 335 (1993) 580-582
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Microscopic view...

The damaged lattice ‘zoo’

o0 © o0 0 0 °
Vac\3ncy nterstitjal . .
& L o0 o —@
Frenkel pair
& o O O O 0 o o
Di-vagcanc
| e o0 © ? &
o Impurity| substitute
& e O v 0 0 ©
o CO, Intefstitial impurity
o o O 0 O 0 ¢
J. Zhang
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Change of depletion voltage
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Keep in mind that ‘resonable’ bias voltages

should be less than 1000V (...and what IV means)
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Nl [ 10" em™ ]
‘ cﬂ‘

Before inversion, in p-in-n sensors, the
junction is on the segmented side

(the depletion starts from there).
After inversion the junction moves on
the back side and the depletion starts
from there.

p+ and n+ layers are unaffected by
radiation because their doping
concentrations are very high

depleted

"

n-type bulk p-type bulk
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Nesr annealing

e Afterirradiation the
lattice defects and
interstitials start to
interact eventually
leading to a change
in the N_¢ with time
and temperature -2
annealing

AN, [10em™]

annealing time at 60°C [min]

e Essentially two annealing are present:
e Short term beneficial annealing
 Long term reverse annealing

e Time costant 500 years at -10 °C = 500 day at 20 °C =

21 hours at 60 °C

* Irradiated sensors should be keept cool all times

| LRI rrrrrr s e LA - - i -----
sl Beneficial
| N, l T NY
[ W Reverse
- N Y
i ¢ (‘Deq
- Neg----
110 100 1000 10000



Oxigen enriched silicon

Introducing oxigen in
the silicon bulk
material a reduced
sensitivity to the NIEL
released by charged
hadrons is obtained

NIEL scaling violation

LA L L R B B L R S B B B L | T
standard FZ " :
0 neutrons \ '400
O pions // _ ] —_
A protons > 4 oxygen rich FZ. ] %
,’/ ® neutrons 4300 g
a'/ ® pions “©
// A& protons T _
W o 200 &
= ;.:‘-""'-:; &
o _-—;!f""’"& j =
5’5’*‘ = 1100
o - ]
1 1.5 2 2.5 3 3.5

RD48 Status Report CERN/LHCC 2000-009



Change of Ieakage current

1071,
E « n- txpeFZ- to 25 K_Qcm .
S = ntypeFZ - 7TKOem P
. 10“; @ n-type FZ - 4KQcm E
 The leakage current of = | 0nopeFz-3Kam
Q 10_3-_ m p-type EPI - 2and 4 KOcm
a sensor, at constant < '
. af -type FZ - 780 Q)
temperature, increase > 107 o niypeFZ-4100cm ]
. : g n-type FZ - 130 Qcm
with the NIEL <1 1031 n-type FZ - 110 Qem |
g e n-type CZ - 140 Qcm M. Moll
[ + p-type EPI - 380 Cem
e The damage parameter ool e TP
, 101 102 108 101 101
doesn’t depends on Dy [em?] s
- . e e 50F T T T
Silicon resistivity, bulk .
type, fabrication = Y D) b1
technology, ... = 3sh ,
S 3.0F o n-type FZ - 10 t0 20 KQem v n-type FZ - 780 Qecm
AI € Current Changel_ [ © n-type FZ - 7 KQcem o n-type FZ - 420 Qcm
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V * ®eq\ NIEL normallzed pl\chP[ '%8(]£2cm - M. Moll
“\ Fluence 0" 107 10% 0% 108
O, [cm
Detector depleted volume eq lom”]
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Leakage current annealing

1 hpur ldlay 1 mpnth 1 year

. 10
Also the leakage current is
subject to an annealing 8k
process 5 )
The measurement of a 3

should be done after a well & 4

—

defined annealing process = 2:_

(temperature and duration)

Std procedure 80 minutes
at 60 °C

T LR N R | LN B L B T T

[ o,
I \‘D%:qib/Wunsmrfwz) a,=2.9x10" " A/em
. g,
. -v"

time [ min |

The leakage current has a strong dependence on the sensor
temperature: each 7 °C increase of a factor two =2
Irradiated detector should be operated at low temperature



Change of charge collection efficiency

 The irradiation introduces defects which act as trapping
center for the charge generated by an ionizing particle

 This reduce the overall signal thus affecting the detector
efficiency

Qe,h (t) = QOe,h exp[— ' tj : — ﬂe,h (T , t) CI)eq

Teff e.h Teff e.n

* When the effective trapping time becames of the order of
the electron/hole drift time (5-20ns) the charge integrated
at the electrodes by the front-end electronics is reduced



Inverse trapping time 1/t [ns™']

Change of charge collection efficiency

I T T T T ‘_"_|
(0.5 24 GeV/c proton irradiation e E 05
| X
0.4 e data for electrons i —_
o data for holes E,J E
0.3 £ 02
_/-‘:cm" i

0
0

0.1¢

M Msll Dovr O Evasel, PRD thesic 2004 Uki Dorowund]

210" 410" 610 810% 10%°

particle fluence - @, [cm™]

Inverse trappi

<o
[ —
N

<
[

| 24GeVie proton irradiation
Dy =4.510" em™

4}

T,

|« data for holes E E {i {
.« data for electrons ]
| '5"'1'01 - '5"-1'02 | ISIII1I03

annealing time at 60°C [min]

The trapping time too is subjet to an annealing process but with
different behaviour for the two carries: the electrons get better,
the holes get worse.



Radiation hard Silicon detector

 Approach on two sides
— Microscopic: material engineering (Oxigenated
Silicon, crystal grown: FZ-MCz-Epi)
— Macroscopic: device engineering
e p-type sensors

* Thin sensors
e 3D sensors



p-type detectors

The electrons
mobility in Silicon is
higher (factor ~3)
than the holes one
The charge trapping
times (see slide 47)
are more or less the
same (remember that
annealing help
electrons)

1E+8

1E+7

Velocity v [cmis]

1E+4

1E+2

Carrier velocities vs. electric field
Le=1350em®Vs, i=480cmEVE, Vaem=1.1ETCME, Vi, =9.5E6cm/s

1E+B

—electrans

—holes

1E+3 1E+4 1E+5 1E+B
Electric field E [W/em]

http://www.hephy.at/user/friedl/diss/html/nodel1.html

Using a detector configuration with a signal produced mainly
by electrons should reduce the radiation induced trapping

effects



Signal formation (i)

The current pulse shape originating from a MIP
orthogonally crossing the sensor its very different in
n-in-p with respect to p-in-n devices

0.5 0.6 o
1 n-in-p p-in-n
— I:Iq- . _."rfe — i
£l / £l
= i n-5STRIP SIGHAL = p-STRIP SIGMAL
E E 0.4 S
w 0.3 4 |
(Wl (Wl
(Wt (Wl
3 o
é 0.2 i
= = 0.2
D D
o 01 o
|I ey h"
0 - T }L‘-___-—__l_ Y 1 0 — T T T T 1
1] 10 20 30 1 10 20 30

TIME TIME .
) e H. Spieler



Signal formation (ii)

For p-in-n detectors the signal is mainly produced by the
electron drifting to the strips

For p-in-n detectors the majority of the signal is produced by
the holes and it is much slower that the other

SIGMAL CHARGE (f)

n-5TRIP SIGRAL

TIME ins)

SIGMAL CHARGE (f)

q

p-5TRIP SIGNAL

TIME (ns)
H. Spieler



Device engineering

p-in-n detectors * n-in-p or n-in-n detectors

— After some value in fluence — No inversion at all
the bulk type is inverted

p+OI1'n p strips

n*on-p n'strips

-5 ===

/ Active region
Electron drift

Undepleted region ’
-
/

Hole drif
Hole drift ole di |l

Active region

Undepleted region

p layer
Traversing particle Traversing particle
p-on-n silicon, under-depleted: n-on-p silicon, under-depleted:
« Charge spread — degraded resolution Limited loss in CCE
« Charge loss - reduced CCE ‘Less degradation with under-depletion

_ o i ) Collect electrons (fast)
Be careful, this is a very schematic explanation, M. Moll

reality is more complex !
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n side read-out behaviour

T T T | T T T T T T T | T T T T | . . .
75 i %  wein-p-Fz (1700V) FZ Silicon Strip Sensors
?jh .. n-in-p (FZ). 300um, 500V, 23GeV p [1]
, n-in-p (FZ). 300um, 500V, neutrons [1.2]
20 I]-lﬂ-p-:FZ (800\’) 1’l-i1’l-p (PZ) 300“11,1: 500V, 26MeV p [1]
nein-p (FZ), 300um, 800V, 23GeV p [1]

n-in-p (FZ), 300um, 800V, neutrons [1,2]
n-in-p (FZ), 300um, 800V, 26MeV p [1]
n-in-p (FZ), 300um, 1700V, neutrons [2]
p-in-n (FZ), 300pm, 500V, 23GeV p [1]
p-in-n (FZ), 300pm, 500V, neutrons [1]

O & O 4B O R

References:

[
W -
T T T | T T T T | T T T | T T T ]

D [1] G.Casse, VERTEX 2008
] - i . (p/n-FZ, 300um, (-30°C. 25ns)
p-in-n-FZ (500V) : n-in-p-Fz (500V)

Collected Charge [10° electrons]

| | | | [2] T Mandic et al., NIMA 603 (2009) 263
1 1 1 L 11 1 1 1 L1 1 (p-FZ. 300um, -20°C to -40°C, 25ns)
10" 5 10" 5 1016
(D [ _2] M.Moll - 09/2009
cm
eq

15000 e signal:
from 3*10'* 1MeV n,./cm?in p-in-n up to
2*10" 1MeV n,./cm? n-in-n
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Thin sensors

e Very thin (100um) n-in-p pixel sensors have been tested
resulting in an almost full efficiency at 5*10%n,,/cm?

thick wafer

front side
processing

back side
cavity etching

/_\ /_ back side

processing

C. Civinini INFN - Firenze

ck, 5x10% n,/cm?

-y

|[®] =0, thr.: 1600

i |[#]®=2.thr: 1000
_|[[® ] ®=6.thr: 1000 e

[@]=10%/cm®

ban ma ®--

O i e e
200 250 300 350 400
Bias voltage [V]

A. Macchiolo, Trento 2015
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3D sensors

e So far planar technology applied to sensor:
— J.A. Hoerni (Fairchild Semiconductors) 1957-58
— Signal proportional to detector thickness

— A planar detector is depleted starting from junction
towards the opposite side (whole thickness)

3D technology:
— Signal proportional to detector thickness

— Depletion from column to columns (different type)
with a distance decoupled from detector thickness

— Example: 300um thick sensor and (order of) 50um
columns pitch



3D sensors layout
n R
Depletion voltages order of 10V

| |
1
I l I Ill. or less even at high fluences
gl | | .. Fast charge collection when the
I i read-out is connected to n+

colums

electrodes

n-active edge
40 um

P+, 3=
Some dead volumes inside the columns = ’ ' il . 7' s
not critical if the particle trajectories are not

too collimated and orthogonal to the sensor
(tilted detectors)
Some regions with low electric field, poor

charge collection
High intercolumn capacitance, higher noise
5um

S.I. Parker, C.J. Kenny, J. Segal, Nucl. Instr. and Meth. A395 (1997) 328.

scard?ﬁ,\Trento 2015
20 um
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How to ‘drill’ a hole into Silicon?

M. Boscardin : "Rivelatori 30 & SiPM™ - D (
Deep Reactive lon Etching |

BRUNO KESSLER

AccY SpotMagh WD ——| S5um
5.00kV 30 5000x 21.8 mhp closed

"Bosch process PILLAR" by Pgalajda - Own work. Licensed under Public Domain via Wikimedia Commons -
http://commons.wikimedia.org/wiki/File:Bosch_process_PILLAR.jpg#/media/File:Bosch_process_PILLAR.jpg
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The 3D column structure

M. Boscardin : “Rivelatori 30 & SieM” : D(
3D-STC detectors - FBK technology — #wwiis
= Hole etching with Deep-RIE technology
= Wide superficial n+ diffusion in which the
contact is located
= Passivation of holes with oxide

hole metal strip

contact

I sfiis =
Qo o
M @
22

o
4 o
hol§ -4,
2R
K
= Si High Resistivity, p-type, <100> o3
= Surface isolation: p-stop or p-spray 3 5

* Holes are “empty”

Scuola Nazionale “Rivelatori ed Eleltronic a per Fisk a delle Alte E nergie, Astrofisica ed Applicazion) Spaziall, 4 aprie 2009

24/03/2015 C. Civinini INFN - Firenze
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24/03/2015

3D: from pixels to strips

=
M. Boscardin : “Rivelatori 30 & SieM™ — D (

FONDAZIONE
BRUNO KESSLER

3D-STC detectors - Strip detectors

Inner guard ring (bias line)

metal

p-stop

hole

Different strip-detector layouts:

» Number of columns from 12000 to 15000
* Inter-columns pitch 80-100 um

* Holes @ 6 or 10 um Contact

opening
Scuola Nazionale "Rivelator ed Eleftronk aper Fisi a delle Alte E nergle, Astrofisca ed Applicazioni Spaziall”, INFN — LNL, 20— 24 aprile 2009

n+

C. Civinini INFN - Firenze
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3D pixel efficiency and irradiation

Pixel cell efficiency after irradiation

FBK_11_37_01 (1x1075 neg/cm?)

1 i

aliminal
Prelmi

100 pm

150 pm

[1 readout column not enough to fully collect charge in the side reglonsl

F. Ravera, Trento 2015

24/03/2015 C.

efficiency

efficiency

Efficiency vs Bias Before Irradiation

1|—
0.805F— _ * - » - - o
0.99E— * = 4 = * §

E ——t—3 = =— 3 - o —
0.985F— ¥ ) T =
008~ |Eﬂicaency > 98.5% at Vpias >5 V
narsFE—

= —e— FBK_11_26_01
R = —a— FBK_11_26_03

,E —e— FBK_11_37_01
0965 —e— FBK_11_37_02
U‘-‘GE— FBK_11_37_03

= —=— FBK_11_43_01
0.955F— —s— FBK_11_43_03
09501 1 1 [P PR

5 10 15 20 25 30 35

bias voltage [-V]
Efficiency vs Bias After Irradiation

1—
0.9
08—
0.7
0.6—

05— m -

= —e— FBK_11_37 01 (1210 nen)
04— —e— FBK 11 37 02 (3210 nfom)
08— —e— FBK_11_43 01 (310" hJem)

A I I TP I MR i Ler i vl i el el L
0.2 20 0 0 B0 140 160

Civinini INFN - Firenze

120

bias voltage [-V]

F. Ravera, Trento 2015
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Radiation effects measured on
LHC Silicon detectors

CMS Integrated Luminosity, pp

+ Areview of the status of the Silicon - mgeim e e
detectors, pixel and strips, installed S | o T ean
in Atlas, CMS and LHCb experiments

* Mainly data from leakage current ;
and depletion voltage £ 10|
measurements . o

* LHC Integrated luminosity near to g J_///f
30 fb1 &‘,3‘ o S e &O& N ) . o 0

Date (UTC)
CMS Peak Luminosity Per Day, pp CMS Average Pileup, pp, 2012, V5= 8 TeV

-]

10 T : T
+ 2010, 7 TeV, max. 203.8 Hz/ub
+ 2011, 7 TeV, max. 4.0 Hz/nb
8 * 2012, 8 TeV, max. 7.7 Hz/nb ]
. L) ’ .
'ki‘ 2
- AT R

LA Rl

40+

301

20

Peak Delivered Luminosity (Hz/nb)
Recorded Luminosity (pb '/0.04)

- f"
0 R f 2 N 0 % o
o Q0 ¢ o g e ¢ o Q0 e % o ) ] % o ) )
4N 4 5° 40 R A ¥ 4 5% 4© AW AN 4 5° A9 o ¥ 2 7 e ¥ o

Date (UTC) Mean number of interactions per crossing
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Atlas Pixel Detector

3 barrel layers and 3+3 endcap disk
Coverage |n|<2.5
Innermost barrel layer at r=5cm

n+-in-n 250 um thick, oxigenated
Silicon material

1744 modules with 80*10° pixels,
for a total of 1.7 m?

8 um resolution r-¢
75-80um resolution in z

Evaporative C;F4 cooling (average
temperature -13 °C)

Additional layer (IBL) in 2015: mixed
technology planar + 3D sensors

24/03/2015 C. Civinini INFN - Firenze www.atlas.ch 62




oo [MA cm™] @ 0°C

Leakage current evolution

70011l1|llll|ll|1|rlr|||r|||u o(_) SOOL"'I""I"'1""\""1‘”‘\"'\"" ]
ATLAS Preliminary o - ATLAS Preliminary ]

600 ® 700 Ldt—25 ' ]
. . N - —

Data Prediction ‘s 600~ Data .
500, Layer0 - t1o o o /—j .
e Layer1 - t+1o < 5000 + hlaygijL_ 3

400F « Layer2 - fo S E q; ]
300 400E :
300~ Layer 1 .

200 - : b
200 == =

100 . ]
100 =]

i - Layer 2 ]

0O | T B W T PN S N S

2 156 -1 05 0 05 1 16 2
ATL-INDET-PUB-2014-004

The Atlas pixel sensors have been kept at -13 °C during most of the
time with some periods at room temperature (annealing is clearly
visible)

The measured leakage current is compatible with the predictions

Integrated Luminosity [fb™
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10 years forecast on Leakage current

e The evolution of the 0'6; T T ‘: o T T T -
leakage current with the 2 05 ATLAS Preliminary - - -
following scenario: 10 days g 0.4 Leakage CurrenfperModufe at-13.0:: LayerO =
at 20 OC every year’ ;:EDS;_ ....................................................................................................................................... _;
otherwise -13 °C S9E E

. o1 —

e The temperature is of 05 B S S e T T

. 311212 31/12/14 31/12/16 3112/18 31/12/20 31/12/22
paramount Importance Date [dd/mm/yy]

* Annealing is an important 0.8 e
ingredient too © 0.52— ATLAS Prehmmary ---------------- --------------- /iz

g 0_45_ Leakage Cu,rrent per. Modufe at.: ISC Layer__o _____ ______________ ___________ -
o ——
< - -
E 02 —
j0,1§— —i
oy 750

il <0 TR PR AR R S AR AN AP
50 100 150 200 250 300 350 400
1\ Integrated L [fb]

We are here
24/03/2015 C. Civinini INFN - Firenze 64



Atlas Semiconductor Tracker (SCT)

e 4 barrel layers and 9+9
endcap disks

e Coverage |n|<2.5
e 4088 p-on-n microstrip
modules, 285um thick

e 6.2*10°channels, 61 m?
of active area

e -7°Coperating
temperature
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Atlas fluence estimation

1 MeV n.. fluence [particles / cmz]

eq

=
il =—
100 = SCT
— 13
ol 10
i After 500fb1:
60— € 10" n,cm>
1012
40
After 500fb;
10 n_cm2
20 . eq
10
% 50 100 150 200 250 300 350 400
M Z |CIn
PIXG| [cm] 2014 JINST 9 PO8009

1 MeV neutron equiv. /cm? for 1fb™* of integrated luminosity
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Atlas SCT: leakage current evolution

Also in SCT the
leakage current
is in agremeent
with the
expectations

Annealing
during the LHC
shutdowns and
technical stop
periods is
visible

24/03/2015

by @ 0°C [WA/CM?] To[°C]

40 - SRR Sensor Temperature =~~~ " T T T 0T T T T
S | NN gy {1 ST N M Y RS I Y S |
20 e B e e e L e e . M
: . i o i} ;.9
. ATLAS sCT | —— 0,05
= ; i | i _ =} =
— I I : L [}
— e ”-’J_E (@]
B el E
10 = - —= 1 3
- -
1 = int. lum. deliv. ' = 10
107 = ' Layer Data Model prediction| = 10
- Barrel3 * — +1o [] -
C Barrel4 = — +16 [ 7
Barrel 5 + tilo [
102 = _Barrel6 - t1o [ =10
N LHC i
m | HI i
1073 / N N N T Y S SN SthP|

Jul 1 Oct 1 Jan1 Apr1 Jul 1 Oct1 Jan1

L -4
Apr1  Jul1  Oct1 r;lq
2010 2010 2011 2011 2011 2011 2012 2812 13

Ja
2012 2012 20

2014 JINST 9 PO8009
C. Civinini INFN - Firenze 67



Efficiency

1.01

1.005

0.995

0.99

0.985

0.98

24/03/2015

SCT noise performance

The radiation effects are

still very low: the noise is

practically unaffected and

the efficiency is close to full
L 1 I I I I I I ] I I I | | | | I | 1 I :1 '._‘_c_r"
- ATLAS SCT 2012 \s=8 TeVdata —0.9 g
:_ i i * Efficiency _20-8 %
- : ; Fraction of bad strips _20_? E
SYY - U0 I A N et mertitt S tasseemsd06 O
— B : ——— T Jos5 g
F Hoa &
= =03
= 40.2
- Endcap C : Endcap A —i 0.1
R 1 L1 1 =

| | | l__ | | _ 1| L1 1 1 1 - 0
Q"s‘. 9013;‘ 80@* ’.’Ofs‘, 6‘0‘8& 50;'“, 4_0;'3& 3'{):5-& ?Di&,i. raaqw%a,—r wﬁd"@%&?w%&k ?013‘. aﬂ;s‘, 301"&;‘ qﬂ(&i_ 50;5‘, 60’3"‘ 70;3‘. S‘D’S“' P
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Number of chips

Number of chips

4000

3500 -

3000

2500

2000
1500
1000

500 &

4000
3500

3000 |-

2500
2000

1500 |-

1000
500

I I
Module (sensor type)

. :
1 Barrels 3-5 (<111>) ATLAS SCT

2010

Middle endcap short (CiS)
] Middle endcap (Hamamatsu)
1 Middle endcap (CiS)

i Outer endcap (Hamamatsu)

~ October 2010
145 V< HV <155V ]
-~ int. Luminosity: 0.02 fb”

e

|
Module (sensor type)
Barrels 3-5 (<111>)
Barrel 6 (<111=)
nner endcap (Hamamatsu)
nner endcap (CiS)
[ Middle endcap short (CiS)
7] Middle endcap (Hamamatsu)
= [7] Middle endcap (CiS)

- December 2012
- 145V<HV <155V
int. Luminosity: 29.74 fb™'

1000 1500 2000
Noise, response curve test [electrons]

Koichi Nagai, Vertex 2014
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CMS Pixel detector

e 3 barrel layers and 2+2 endcap disks
e Coverage |n|<2.5

e Barrellayersat r=4.3,7.2,11 cm

* n+-on-n

e 10 um resolution r-¢

e 100x150um? pixel size
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Total leakage current vs

luminosity

Leakage current vs ¢ (off-center
detector position)

CMS pixel position s seen from
nuclear interaction vertices

E - CMS Preliminary 2011
h 4 i,
Beam spot
2_
0 A
-2
g Beam pipe
4 centre
1 | 1 L | 1 | 1 | 1 | 1 1 L l.
-4 2 0 2 4
x [em]
24/03/2015
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CMS Pixels: Depletion voltage evolution

Hit Finding Efficiency

Method: measure the
Voltage at which the Hit
Finding Efficiency is 99%
of the plateau value

Layer 1 HV Bias Scans

12 LI T 1T
|
. CMS preliminary
0.8f ] %}///
&6_
I * 11/03/18 - 0.05 fb]; |
E = 11/05/15 - 0:33 fb]; |
+ 11/07/14 - 1.44 fb ']
0.4 v11/09/07 ~2:94 fb7; ]
- -{ * 11/10/12 - 519 fb; -
: = 11/10/27 - 6.10 fb ) -
i + 12/04/06 - 6.20 fb ™"
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I 12/08/13 - 17-14 fb 7.
12/09/27 - 21.19 fb ]
I + 12/12/02 - 28.97 b}
ool " 13001721 - 29:48 "

0 20I II40I II60II ‘SOI 100 120 140
Bias Voltage [V]

* Plot it as function of the
integrated luminosity

e At least for layer 1 the type
inversion point has been

reached
All HV Bias Scans
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. L ] F 1 - ]
- - -
3 .
30 - "5
3 ] ]
- . . —
20f . =
2 v v
10p ’
GO L1 l l 5 L1 l I10I l l I15I L1 I20I L1 I25I L1 I30

Total Int. Luminosity - 2010-2013 [fb'1]



Lorentz angle vs fluence

The Lorentz
angle depends
on the fluence

Should be
constatly
monitored
beacause it has
an influence on
the local hit
position
recontraction

24/03/2015

CMS Preliminary 2012, Vs= 8 TeV

3"“‘ 0'44: L V= 150\:1‘ 1n°c
E - Layer 2 : . (] :'_ ..' =
E 043; -4 Layer 3 -. - . E
- " agt ;
- " m : : ** &
0.41F= 110 st g
S S |
0.405 ;_* - i = -
0.4F | | -é
0_395:”,;.,.1 el el
2 4 6 8 10121416182022
Integrated Luminosity[fb |
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CMS strip tracke

e 4+6 barrel layers

349 endcap disks

200 m? of silicon

pP-0N-Nn Sensors

15148 modules,

320-500pm thick

9.6*%10°

channels

S.Cittolin

73

C. Civ_inini INFN - Firenze
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CMS strip leakage current

The detector has been
operated at +4 °C (dew point
in tracker quite high)

In some cases already 30% of
the HV power supply limit
(12mA)

After an intervention to seal
the tracking volume now -
20°C could be reached (-15°C
has been choosen for
operation)

CMS Preliminary 2012 25 fb™'

14

.+ TIB
1.2 TID
TOB

‘|: + TEC

Simulated |_,, [mA]

08|
06|

04 3 il

0.2 N

b 02 04 06 08 1 12 14 16
DCU 1, [mA]

E. Butz, Vertex 2014
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CMS strip: foreseen depletion voltage

Projected depletion voltage at 700fb™! when running with

-15°C cooling plant set point before LS2 and -20°C afterwards CMS sin_|1ulation V]
g L=700fb . B
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LHCDb

Single arm T
spectrometer for
b physics 10001
- AT
2<n<5 L LAS/CMS
Silicon strip 5
™ 600
detectors: ~
— VELO g 4007 LHCb Lumi Leveling by
— TT/IT £ i T——= :
/ o s 200 design HJF_— displacing the baams
Less luminosity
than Atlas/CMS ’ 00:00  02:00  04:00  06:00  08:00  10:00
— ATLAS — AUCE — CM5 — LHOb
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LHCb Vertex Locator (VELO)

Two single-sided
sensors (r-strips, ¢-
strips) glued back-to-
back

Sensors: n+-in-n, n+-
in-p on the most
upstream modules

300um thick

Double metal for
signal routing

Two halves opened during LHC filling
T=-10"C and acceleration phases, then closed
for data taking
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LHCb Tracker Turicensis (TT)

* p+-in-n sensors

e 500um thick

e 183um pitch

 Long readout strips

(upto37cm >
60pF)

e T=8°C
e 144k channels, 8m?

24/03/2015

C. Civinini INFN - Firenze

4

http://Ihcb.physik.uzh.ch/
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LHCb: Inner Tracker (IT)

® pP+*-IN-nN Sensors o oiions s LHCb Tracking System  (§{g
. 1 2 I aye rS : SR H(:;‘\l-l.\{ucn Detector

ECAL

RICH2

e 320/410um thick
e 198um strip pitch
e 130k channels, 4.2m?
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Current [mA]

VELO leakage current

: g |
e Current normalized to oS o 110 o i (11 e et

_7OC 4000
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VELO Depletion Voltage

) n+_in_n sensors ;80- Initial EDV: Type:
. — 65-75V  n-on-p
invert bulk type @ §5-65V  n-on-n
45-55V -
after (7+10)*1012 £ i o I
(=]
2 > Hamburg model -
Ngo/CM - .
= .
e The few n+-in-p ;: /
sensors have a a r
. [
depletion voltage 2
. . Q
which increase £
w
(as expected p
type bulk 1 LHCb VELO| _ .,
ooy e e A L L L L X
material) 0510 1520 2550 35 40 45

1 MeV n, fluence
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LHCb: TT and IT leakage current
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HL-LHC

e LHCis an evolving infrastructure which will be improved over decades
to exploit its full potential

* During these days the machine is restarting after a period of two year
during which the magnet electrical connections have been redone to
permit reaching both the energy and luminosity design specifications

LHC / HL-LHC Plan @Eﬁ?ﬁmw

LHC
Ls1 EYETS 14 TeV 14 TeV
13-14 TeV energy
or Sto7x
splice consolidation ryogenics Point 4 nomina
7 TeV 8 TeV button collimators sc‘::s dispersion H;:Ireyrghcqzc‘ltn HL-LHC installation ; jm"}liw
R2E project Filpreats regions —
collimation ﬁ‘
oo [ane Waors e oo [eoe Rz o o oo Jhoor [Reoze s Jeone IIII“
radiation
damage
75% . . 2 x nominal luminosity 4
nominal nominal luminosity || experiment upgrade |[F—" !
luminosity | experiment beam pipes |/_‘ phrase 1 experiment upgrade phase 2

https://cds.cern.ch/record/1975962/files/new_timeplan_24Sept2014 1 image.png
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CMS Phase 1 Pixel upgrade

The present CMS pixel detector was designed to sustain 500 fb!

But the instantaneous luminosity evolution will soon exceed the
rate capability of read-out chips and data links

The new detector will have the same sensor type (n-in-n), a new
read-out chip (evolution of the present one) and more redundancy
— one more barrel layer (4) and one more disk per side (3+3)

. . 2E34 cm%s

The nEW beam plpe Wlth Ba QZ; 1 E a Iightjjet: burrent%ixelde:tector
3 radius of 22.5mm o , !321‘;‘c:;‘;ﬁ?if;l;”.':::é}?:ﬁ*‘“‘?r prd

. ) Upgraw = ' cejet: hq:se up;gra e dg¢tector ;K/_a y
H . = : o A
instead of 30mm, will 10
allow to place the <

(@)
M 510-2 SRS ST SO
innermost barrel layerat § - 3
29mm, instead of 43mm)
with important mr - 10°
improvements on the b- , P
Currer ], | TR U PO PO PO IO

L1 I||.l L1l L1 11 L1 11 1 L 1 L L1 i1 1 L Ll
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48 b Jet Efficiency
CERNULHOO12 0% €K BV L+

tagging capabilities of the
system




CMS Phase 2 Pixel upgrade

e After 500 fb! also the phase 1 J
detector starts to loose some

of its key performance on

tracking

CMS Preliminary Simulation

T ——

0.7

Tracking efficiency

0.5}
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0.3Q" i ;
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. | . I
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Tracking efficiency

CMS Preliminary Simulation

A full replacement of the
pixel detector, together with

the external microstrip
detector, is foreseen starting
from 2022
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CMS phase 2 pixel layout
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* Improve the resolution at high p, = higher granularity

* Improve the resolution at low p, = reduce the material

* Increase acceptance up to |n|<4 = 10+10 endcap disks

e Pixels dimensions: 25x100 um? (50x200 um? external layers)
e Sensor choice: planar n-in-p thin or 3D
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The phase 2 tracker upgrade

CMS Prellmmary Slmulatlon Phase 2

e Aside the radiation | : I B B

problems, at HI-LHC
luminosities the whole
CMS level-1 muon
trigger system will not
be more able to reduce
the rate selecting high p,
events
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e The phase 2 tracker
should be able to
provide information ooV ]
already at level 1 trigger 1
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(within few ps from the Pr Threshold (GeV)
interaction tlme) G. Sguazzoni, Vertex 2014
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p, module concept

e The pt discrimination is done locally using appropriate hit
position correlation in two closely spaced detectors

 Only interesting data are sento out at 40MHz to ease an online
fast track reconstruction

hli‘ matching windows (discrete)

fail

G. Sguazzoni, Vertex 2014
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p, modules

 Two kind of modules: strip-strip (outer), strip-pixel (inner)
* Fluences up tp 1.5x10% n,,/cm?
e Probably n+-in-p 200um thick sensors

CF support

spacer

CF stiffener flexible

silicon sensor
=~ hybrid

silicon sens

CF support

silicon sensg
CFRP base plate T
flexible hybrid
G. Sguazzoni, Vertex 2014
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The Phase 2 CMS tracker: performance

CMS Preliminarz Simulation 1CMS Preliminary Simulation

CMS Preliminary Simulation
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