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Outline: QO ntroduction: LHC

O Compact Muon Solenoid
= Silicon detectors in CMS Tracker
» Tracker upgrade to HL-LHC

0 R&D of silicon detectors for HL-LHC
» Defect Characterization
» Numerical simulations
» Sensor/material engineering: p-type, thinned ...
= New structures: 3D, active edges, LGAD ...

0 Summary
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CMS detector: design |

0 CMS magnet: T = 4.65 K doubles magnetic field B strength compared to STP
Q Iron return yoke: 12-sided, 3-layered iron structure to contain and guide the B
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~ Crystals
COIL -
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Total weight 212,500 t sandwich
Overall diameter : 15 m
Overall length : 21.6 m  [&
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CMS detector: design Il

Sub-detectors in Compact Muon Solenoid

| Magnet (T =-268°C)

o |

Muon chambers
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HCAL: Hadron Calorimeter
ECAL: Electromagnetic Calorimeter

DETECTOR TYPES:

O Tracking: Semiconductor
(Si) & gas detectors

O Energy: Scintillators

IN SEARCH OF:

v Higgs boson, found 2013
0 Supersymmetric particles
O “Micro Quantum Black
Holes”

O Gravitons

O Extra dimensions

O Dark matter, etc.

New particles produced at
high energy: Likely to decay
into particles that are known
and detectable or inferred
through the missing energy
used up in making them
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CMS detector: Particle detection |

| | | |
Key:
Mucon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

! Electromagnetic
}_|1 I ' Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iran return yoke intersparsed
with Muon chambers

Transverse slice
through CM5

i W 1 = W T B
T Bavrnay, CERM, Felwicey 2004

Transverse slice through CMS detector.
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CMS detector: Particle detection Il

3D @[ = Rho Z

CMS Experiment at LHC, CERN
C Data recorded: Tue Mar 30 12:58:48 2010 CEST
. Run/Event: 132440/ 2738170
: \ Lumi section: 124
" |Orbit/Crossing: 32326252 / 1

RhaPhi

Tracker

Hcal
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CMS Tracker: structure |

Q Paths of charged particles are recorded by

finding their positions at key points

Q Position accuracy ~10 um

O Design: Silicon microstrip detectors surrounding

the core of Si pixels — 225 m? of silicon TIB

130 cm Cables and services
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CMS Tracker: structure Il

y Overlapping desing for hermetic
particle detection

Tracker inner barrel (TIB) layer and endcap (TEC)
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CMS Tracker: Silicon detectors

Electronics for charge
collection & bias voltage

Silicon detector module made of APV25 and two 6" detectors Pixel detector design with 18 guard rings
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Operating principle of a silicon particle detector

2. Particle generates
electron-hole pairs that
are collected at ™
electrodes opposite to
their charge sign (+/-)

3. By segmenting the
collecting electrodes
(strips, pixels,...)
positioninformation is
gained

charged particle track

/

PROS (in LHC):
0 Charge is collected in nanoseconds
O Operation close to room temperature (Si: -20°C, Ge: -200°C)
O Cheap material, easy to process
CONS (in LHC):
A High radiation fluences (>10%2 cm-?) produce defects to silicon
crystal — eventually signal is lost to noise
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1. Sensor volume is
depleted of charge
carriers by engineered
doping concentrations &
reverse biasing voltage

U n*/ n-: heavily/lightly
doped silicon by donor
atoms
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CMS Tracker: upgrade to HL-LHC

0 Upgrade: LHC — High Luminosity LHC (HL-LHC) DHC_Jhk?IIengei_forhtraé:ker:
- —_ - : " HIignher radiation naraness
Expected II._ = 3000 fbt after 10 years of operation « High occupancy — higher granularity
» Pseudorapidity coverage fromn=2.5 -4 = Reduce material budget — thin sensors
(~200 um)

Estimated fluences in CMS Tracker at HL-LHC after 10 years of operation

CMS Preliminary Simulation CMS protons 7TeV per beam
2012 FLUKA geometry 1 MeV-n-eq in Si at 3000 fb!
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Silicon detectors will be exposed to hadron fluences more than 10*® n,, cm-=2
— beyond the performance level of detectors used currently at LHC

|:> R&D mission: development of silicon sensors for HL-LHC
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R&D: Defect Characterization

Motivation & Goal: New ways to develop radiation hard Si sensors — bridge the gap between
the defect analyses and device performances

0 Radiation induced degradation of the devices is caused by defects

O Electronic defect properties rule E. -
the impact on the device + \ / electrons/4
donor -
- / holes
Measurement methods: E acceptor
AV 7

« C-DLTS (capacitance Deep Level
Transient Spectroscopy)

e |-DLTS (Current Deep Level Transient
Spectroscopy)

Charged defects:
Neff’ Vdep

Captured e, h:
trapping — CCE

Generatione, h:

IIeak

e TCT (Transient Charge Technique) Defect parameters:
e TSC (Thermally Stimulated Current) Cnhp - Cross sections
» CV/IV (Capacity/Voltage vs. Current) .. AE : lonization energy
_ o _ N, : concentration
» Tests after irradiation Wltﬁl’g protons, type: acceptor, donor.. .
neutrons, electrons and ~"Co-gammas
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R&D: TCAD simulations

0 Why Technology Computer-Aided Design (TCAD) Simulations:
= Electric fields not possible to measure directly
= Verify measurements — Find physical explanation to ‘weird’ results
= Make predictions from structures & conditions not yet measured — provide design
parameters to new detectors

O Working with ‘effective defect levels’ for simulation of irradiated devices
o Bulk damage approximated by ‘effective levels’ & surface damage by placing fixed
charges Q; at oxide/silicon interface
o Concentrations and cross sections of defects tuned to match experimental data

Measured defects ‘ TCAD input
% e
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R&D: Simulated CCE

1. Simulated n-on-p strip detector front surface (notin scale) O Charge Collection Efficiency (CCE) is the
Al . .
defining measure of the radiation hardness of a
detector
............................................................... -3e-15
2e-061 )
| E ............................................................................ l2e-15
4D e E _____ O noniradiated
§\ 2 4+ AN e Q(t): F=1.5e15 cm-2
J SR P rotons < ——|(1): non-irradiated
S ‘D 1e-06- — |(t): F=1.5e15 cm-2
4;‘3 2. The collected charge is the He-15
integral of the transient signal
over time — CCE = Q;;/ Qnon-irr
L
Q . 0
(@) 0 5e-09 1e-08
Time [s]
—A—200P, proton model n/p=0.63
] X 200P, SiBT data } M d ed
i easure i mixe
X FZ320P, SiBT dat : . :
0.2 o ! aa SIS 3. Slmulated CCE Of one detector type matchES Wlth
320P, neutron model : L.
e ’ measurement — predictions for other detector types
- 200P, neutron model . . . .
with equal irradiation type/dose possible
0.0 T T T T T 1
0.0 5.0x10" 1.0x10"° 1.5x10"°

Fluence (1 MeV neq) [cm'z]
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Cluster CCE loss [%)]

R&D: Measured & Simulated CCE(x)

U Observation: Heavily irradiated strip detectors demonstrate unexpected &
significant position dependency of CCE (CCE(x))

U Simulation task: Find out why!

U Solution: Irradiation produces non-uniform distribution of shallow acceptor
traps close to detector surface — greater drift distance, higher trapping of
signal charge carriers

Simulated CCE(x) compared to measured:
H 50 -

IS
o

20 ———Measurement:26.5+—1.1% . a5 \ @e —l 915 cm 2
—=—CCE loss(Qf) 5 strips, 273 K (nrc:_\ anctneltrons)
35 ——CCE loss(Qf) 5 strips, 253 K “ \ AL
=35 \
30 ) Py - U BRI DU R -
e e e - o S 2 30 Sy
b e e S T R e R e R N F---
w
/] g \
20
e 80
15 / é sl \
/ ---Measurement: 30+-2% \ —
10
10 -+ :
—n 2 —=—CCE loss(Qf) 5 strips, 273 K
s / ®.,=3e14 cm (protons) sl .
/ —=—CCE loss(Qf) 5 strips, 253 K
0 0
1.0E+11 3.0E+11 5.0E+11 7.0E411 9.0E+11 1.1E+12 9.0E+11 1.1E+12 1.3E+12 1.5E+12 1.7E+12 1.9E+12 2.1E+12 2.3E+12
Qf [em-2] Qf[cm-2]
\ Interface charge Q;=(8.5+1.0)x10% cm2 Q=(1.6£0.2)x10%? cm™ ]

|

U Measured CCE(x):
CCE loss between strips ~30%

[
-

= ®,,=1.4e15 cm2 45
5220 L

20

16 Center of strip

Center of pitch

0IllllHl\‘IIIIl\HI‘\II\llHll\III‘\H\lIIII‘HH
0 01 02 03 04 05 06 07 08 09 1
Hit position in unit cell [strips]

3-level model within 2 ym of device surface

Q Preliminary

Type of defect Level O, (o Concentration
parametrization of the [eV] [cm?] | [cm?] [cm-]
model for fluence range Deep acceptor E. - 0.525 le-14 |1e-14| 1.189*® + 6.454el3

2 Deep donor E, +0.48 le-14 |1e-14| 5.598*® - 3.959¢e14
3eld —1.5el5 cm Shallow acceptor | E. - 0.40 8e-15 [ 2e-14| 14.417*® + 3.1675e16
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R&D: n* vs. p* readout

n*-electrode readout (natural in p-type
silicon):

» Electric field & weighting field maxima are at
the same electrode (E-E, maximum)

» Electron collection superior over hole
collection:
o 3 times higher mobility
o Slightly lower trapping
o Decrease of trapping probability with
annealing for electrons

= Drawback: Additional isolation structures
needed between n* electrodes

n+ rea dO ut [G. Kramberger, Vertex 2012]
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R&D: Sensors with intrinsic gain - LGAD

U Charge Multiplication observed after high levels of irradiation

CM: 3D n-on-p sensors (b =1-2x10% cm?) Origin: Irradiation leads to high negative space charge
S concentration in detector bulk
45000 = — . . . .
s0000E ] — increase of the electric field close to n-type strips
g - —e— unirradiated e — impact ionization
g 00E —=— 1x10" E
= 30000 SVERPRUPINE =
2 25000 =
g F =
S 20000 = _ o
2 15000 E Exploit charge multiplication by:
2 ook E o Junction engineering to study and control amplification
s000E- E in irradiated devices — Detectors with built in gain

o

1 1 L 1 ‘ 1 L 1 L | 1 1 1 L | L 1 L 1 ‘ 1 1 1 1 ‘ 1 L 1
0 50 100 150 200 250
Bias Voltage (V)

O Low Gain Avalanche Detector (LGAD): detectors with implemented multiplication layer
LGAD structure

Smm 2 n+ cathode
p type ’l'
multiplication layer JTE

Simulated electric field O Under reverse bias, a high

E-field is created below n**
electrode — impact ionization
leads to multiplication for
electrons reaching the
electrode

Y fum]

p type (n)substrate

s00

S

N p+ anode

Q To be solved: The gain of LGAD reduces significantly after irradiation
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U Thin detector:

R&D: Thin detectors

» Shorter collection distance — lower trapping probability — better charge collection
» Reduced mass — reduced material budget
» Drawback: Lower signal before very high fluences

U Combined with LGAD: Thinner detectors can be produced to give the signal of thick ones

O Significant improvements in time resolution require thin detectors:

:1)

(dv/dt)/(dV/dt Gain
O B N W b U1 O NN

50 micron:
- ~ 7-8 improvement

with gain = 20

—=Gain =20
Gain=15
““-Gain =10

==@Gain="5

300 micron:
~ 2-3 improvement
with gain =20

0 100 200

Thickness [micron]
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R&D: 3D columnar sensors

Planar device 3D device
3D detector: columns etched into the silicon bulk vertically . = .. o S "
— geometry of 3D sensors decouples charge drift length ' IB J[ : 4 [ TlloA 4
from the ionization path by dy w0
— drift length = inter-column spacing, while signal is still 't Ll e .
proportional to the detector thickness 1 b
— higher radiation tolerance o 31 % w6 -
. . : I o oy
Drawbacks: Complex processing, higher electronics o L -— L

noise, hit position dependent signal size

Sliced TCAD simulation structure of a 3D detector cell

n3,

Double column 3D detector design

p-spray

fum
0.8um]  Oxide

wn ¢ge

N oT F0te

p~type substrate

Timo Peltola - LFS-Presentation - Feb. 17 2015



R&D: Active/slim edge sensors

0 Reduced edge width: Method to maximize the
sensitive region of the silicon sensors in tracking
detectors

O Can be applied with any of previous detector designs

U Possible to reduce dead space around active area from ‘ \
1 mm to ~50 pm

®=10%° p/cm?,125 ym slim edge:
No difference between edge and other pixels

Principal design of a detector with active edges

CD—-1 615

, wee ar 1

'!

Collected charge |ke|
I3 Lid 4 L ) =] [# ]

e @=0, all pixels
e @=1,all pixels

A ®=1, edge pixels

i i | [®P]=10"/cm?

50 100 150 200 250 300
Bias voltage [V]

it

_IIII!IIII!IIII!IIII!IIII!III.'!I
»

dﬂ
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Summary

The CMS detector has 3 main components
Q Silicon tracker (Si pixels, Si microstrip detectors)
O Calorimeters
o ECAL (Scintillators, Pb/Si preshower detectors)
o HCAL (Scintillators)
0 Muon chambers (Gaseous detectors)

O Upgrade to HL-LHC: fluences beyond the performance level of detectors used currently

0 Research & Development of silicon detectors:
» Defect characterization of Si
o Consistent lists of defects covering several particles' damage (p, =, n, e, y)
» TCAD simulations
o Simulations able to reproduce pulse shapes, depletion voltage, charge collection,
leakage current and surface properties

= Main properties of silicon sensors under investigation:
o Reduced trapping probability: p-type silicon, thinned & 3D sensors
o Enhanced charge carrier generation: sensors with intrinsic gain
o Maximized sensitive area: active edge sensors
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