Confronting irradiation damage

From understanding to actions
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Outline

« HEP detector overview
- what we have
- why we need to do better

* Radiation damage in
semiconductor sensors

http://particulars.si/

» Characterisation techniques

* Clever ideas mitigating
radiation damage
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HEP detector: CMS overview

Tracker: Precise measurement Calorimeter: Energy Muon-Detectors: Identification

of track and momentum of measurement of photons, and precise momentum

charged particles due to electronics and hadrons measurement of muons outside of

magnetic field. through total absorption the magnet
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HEP detector: signal types

Calorimeter: ionisation

Muon-Detectors:

Calorimeter: ionisation i i
_, charge measurement — "th, signals from crys'tals charge in gas detected by wires
) _ or scintillators converted into —, electrical signal converted into
— electrical signal (analogue electrical signals (analogue or digital signals
or digital) digital)
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Tracker: silicon detectors: Calorimeter -
charge converted to analogue fadron Superconducting
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(amplifier stage) and then to (N m—
digital (on or off detector) with Muon chambers
JE— — Tracker: gas detectors: charge

converted to digital (on detector
or off detector)
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Important figures of merit

» Tracking detector (systems)

- Signal-to-noise ratio (before/after irrad.)
- Detector resolution

Efficiency
o
P

e !
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- Efficiency a.f.o0. various parameters

- Charge collection efficiency (before/after irrad.) | e2f
« Calorimeter
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- Timing in tracking and calorimetry SHEALCE
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- Environmental challenges (cryogenic detectors) Boam [GEV]

- Detectors in high-rate experiments Slide from |. Gregor
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Important tracker parameters (1)

* Charge collection (CC): collected charge in sensor volume

- Important parameter affected by radiation damage and other effects
- Charge induced by charged particle from radio-active source, laser, beam

- Measurement of CC normalised to optimal value a.f.o. other parameter
(charge collection efficiency CCE)
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Important tracker parameters (2)

« Signal-to-noise ration (SNR): signal amplitude over intrinsic noise of the
detector

Parameter for analogue signal

Good understanding of electrical noise needed

* Noise measurements
* Noise simulations
Signal induced by source, laser, test beam

Optimal SNR > 20

SNR also important for efficiency vs. purity:

Detection efficiency is probability to detect
particle, typically 99.X% for one layer.

Counts
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Important tracker parameters (3)

« Spatial resolution of a tracking device

p* MIP p*
« Depending on detector geometry and charge collection ‘—g P lcﬁ'_J t
h 3
- Pitch, i.e. distance b/w channels 55 4 °
- Charge sharing b/w channels ! E L8 :9’
« Simple case: . 13 ° :
. . | . s ¢
- Traversing particle creates signal below one entity ‘t \
I"n_'_
- All charge is collected on this entity (strip/pixel)
- Assume flat distribution over sensor for many particle passages:
— Unity probability distribution
S
1 /2 o
P(x) P(z) = — = P(z)dx = 1 ©
- d —d/2 E
The reconstructed point is always the o
1 . - E
d middle of the strip: i/2 Q
- (z) = / 2 P(z)dz = 0 =
. - . —d/2
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Important tracker parameters (4)

e Calculate the resolution (standard deviation)

d/2 2
2 = (= {a)p) = [ 7P = <

« Resulting in general term for BINARY resolution:

o very important !
\/_ «

 For a silicon strip detector with pitch = 80 um, the binary |
resolution is ~23 um

*

* In case of charge sharing b/w read-out entities
— Resolution improved by additional information
of adjacent channels

Needs to be measured in

beam. More sophisticated
algorithms for large angle
tracks

Slide from |. Gregor
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A new Beam Loss Monitor for LHC

Goal:

Measure beam loss as precise as possible
— Put detectors INSIDE the magnet

— Need to operate detectors @ 1.8 K

Questions:

— Which sensors work at 1.8 K?
— Do they behave differently?

— Radiation damage different?

Current
BLM
location

Possible
CryoBLM
location

CERN-THESIS-2013-232
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More HEP: CNGS

. = L Send neutrinos to Gran Sasso:
| L e S Protons on target — kaons/pions
— Muons — Neutrinos
Linac — —
protons

CERN NEUTRINOS TO GRAN SASSO

Booster Underground structures at CERN Access shaft
P
Ps : Proton Synchrotron SPS/ECA4
SPS : Super Proton Synchrotron > =
LHC : Large Hadron Collider &
_—
Access galleries
LHC/TI8 tunnel
, Target
chamber Service gallery
Measurement: |

Proton intensity profile +
muon intensity profile
— Correlate

4 Decay tunnel

— Time-of-flight wa2donsop
— Cross-check clock system /-,-;-
— Travel neutrinos too fast ?!
Second muon detector ot
— _ neutrinos * '°' i
to Gran Sassc/ %&03\

”
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Outline

« HEP detector overview
- what we have and
- why we need to do better

* Radiation damage in
semiconductor sensors

» Characterisation techniques

* Clever ideas mitigating
radiation damage
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Why Is more R&D needed?

 We have all these nice detectors, why not use them?
— Requirements change

e From LHC to HL-HLC:

— higher luminosity
more interactions per bunch crossing
more radiation damage

Vol

o AtILC:
- Low material budget for high resolution tracking
— Power pulsing (bunch trains)

q LI B )

— need sophisticated R&D programs!
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R&D answers ...

General:

« How much charge does my detector collect?
 Does my sensor work at 2 K? In space?
« Can | use my detector for a precise timing at high flux?
 What Is the spatial resolution of my detector?
Fluence related:
 How (well) does my detector operate after high fluence?
 How does my sensor change with fluence? Why?
* Which material should | choose for my tracker upgrade?
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... using different techniques

* Probe station for CV, IV + LCR meter
» Laser-/Source-based set-up + fast amplifier

* Cryogenic/temp-controlled set-up + ampere meter
* Test beam with beam telescope for tracking

* [rradiation campaign + test beam

* Cryogenic set-up + test beam

- WIll introduce an incomplete list of techniques later.

Let’s have a look at radiation damage first.
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Outline

« HEP detector overview
- what we have and
- why we need to do better

 Radiation damage In
semiconductor sensors

» Characterisation techniques

* Clever ideas mitigating
radiation damage
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Past, present, future

 What fluences (and hence damage) shall we expect?
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HL-LHC roadmap

e 300 fb-1 in 10 years of operation (end 2023)

» 3000 fb-1 expected for HL-LHC
— for 10 y operation: yearly rad. damage of run I-ll

 R&D takes time, better start now to be ready for

Installation in ~2024/25
et”lsl%]inosity

LHC / HL-LHC Plan
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Fluence

 Most damage for detectors close to the IP:
usually vertex/pixel detector

ATLAS Inner Tracker Fluences at the HL-LHC
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Fluence

 Most damage for detectors close to the IP:
usually vertex/pixel detector

ATLAS Inner Tracker Fluences at the HL-LHC
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Radiation damage

« Radiation induced - .
« Material impurities

Interstitial

Bulk damage (NIEL):
- crystal damage created by neutrons, pions, protons, electrons
— Irradiation + migration creates complex defects: V2, VO, ...

Vacancy

Surface damage (IEL):
- at oxide-Si-interface
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Creation and impact of bulk defects

1 MeV n
50 keV PKA
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Macroscopic effects

e Change of depletion voltage (and possible type inversion)
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Macroscopic effects

e Change of depletion voltage (and possible type inversion)

*"é\ 5000F ! ! acceptors donors

3. : T shallow | _O O

: —— i
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Macroscopic effects

e Change of depletion voltage (and possible type inversion)
* Increase in leakage current

. & n-type FZ - 7 to 25 KQcm
o © n-type FZ - 7 KQcm
10 F  ® n-type FZ - 4 KQcm
. O n-type FZ - 3 KQcm

o[ = p-type EPI - 2 and 4 KQcm

n-type FZ - 780 Qcm
n-type FZ - 410 Qcm
n-type FZ - 130 Qcm |
n-type FZ - 110 Qcm
n-type CZ - 140 Qcm ]
. ptypeEPI 380 Qcm |

0T 102 108 109 10
. : 2
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Macroscopic effects

e Change of depletion voltage (and possible type inversion)
* Increase in leakage current
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Macroscopic effects

e Change of depletion voltage (and possible type inversion)
* Increase in leakage current
» Decrease in charge collection efficiency

— proton model

0.24| ------ neutron model

@ proton measurement
® neutron measurement

CMS Tracker JINST 9 (2014)12

0.0 | T ] ¥ ] T ] o
0.0 50x10"™  1.0x10” 15x10"”  2.0x10"

2
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Macroscopic effects

e Change of depletion voltage (and possible type inversion)
* Increase in leakage current

* Decrease in charge collection efficiency
|

~ acceptors donors
— :
A . © @)
= T shalloiv B —
g electron o tt
o traps
E. : deep
o U
E : _ hole Trapping centres “catch | O
2 proton model traps and release” charges ‘ i
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® proton measurement ) :
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. T T T T T . . ) b
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2
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Cumbersome work ....

e |dentification of ~20 defects In silicon

120 Radiation defect centers 120
Ec [ #31-40815 FZ Si:N, 23-MeV proton irradiated . E
1.10 19924 0.030 4110 ¢
i 0o 19 9070 '
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10 11 .
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o0 e Pl ST e S P AT T21 0545 55| 0.60
= T
@ 050 T23 1 0.50
40, 0.380 1 0.40
' 0250 7
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0.10 060 T8 19 ———midgap| 1 0.10
E, 0.00 L5 0.00 Ev

We’'ll see later about the techniques ....
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Keeping ahead of damage

* Dedicated irradiation facilities to simulate expected flux

« Damage depends on particle type and energy
- many facilities

GIF:
Gamma Irradiation Facility

s eoC  IRRAD:
CERN Proton
o ISOLDE Irradiation Facility

BOOSTER [ 1992 |
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\ 2001/2015
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|
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vf”’"’H | k CTF3
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IRRAD

« Component testing of HEP experiments
* Proton beam of 24 GeV/c, 12 x 12 mm?2
* Fluence: 1e16 p/cmzin 14 days

. Lo
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Other irradiation facilities

 Neutron damage is also important

* Neutron irrad. possible at

reactors, e.g. Ljubljana

JSI| TRIGA Reactor

e 250 kW maximum 91,44 om (yp)

e Fast & thermal
neutrons :

27432 cm—>
Bulk-shielding

e F I u X : experimental

i tank (empty)

up to 4e12 cm-1s-1 365.760m_B I

Polyethylene

Air

Aluminum
casing

Standard concrete {

Aluminum tank

21ft.6in.

<« 8 ft. 2in.— >

Heavy concrete

]
Heavy
concrete
door on track

Graphite

Heavy concrete

|

12 ft. 1.510n.

Door plug l
Y

: HELMHOLTZ .
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Outline

« HEP detector overview
- what we have and
- why we need to do better

* Radiation damage in
semiconductor sensors

 Characterisation techniques
- lab-based
- with beams

* Clever ideas confronting
radiation damage
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Basic sensor tests
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CV and IV measurements

e Use a probe station
* |V (back — front) shows current characteristic:

reverse current, depletion current/voltage, breakdown, ...

Ideal IV curve

—
<
[o:]
|

Current (A)

—
S
w
|

-

10 100
Bias voltage (V)
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CV and IV measurements

e Use a probe station

* |V (back — front) shows current characteristic:

reverse current, depletion current/voltage, breakdown, ...

Basic pn-junction properties

Ideal IV curve

reverse-bias reveals

¢ Idep

y Vdep (OC Nef‘f)
*C_ , (detector thickness)

dep

10 100
Bias voltage (V)
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CV and IV measurements

e Use a probe station

* |V (back — front) shows current characteristics

« CvsVorl/Czvs 1/V reveals full depletion voltage

and detector capacitance ——

107 |
E mn ' "
§ 0.6 ;; ....I
2 o "a
@ c ",
E’ 0.4+ ’g 10 .,
o g
T 024 P-Type 8 ..'-.

00 — 320um | .IIIIIIII

0 100 200 300 400 500 1 S 10 100
Voltage (V) Bias voltage (V+V )
A
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CV and IV measurements

 What happens with irradiation?

acceptors donors
shalloiv 10__ %
electron o ++
traps
} ______________ deep .
thIe —?_—
traps
¢ % shallow
. Vo, i P, CO  TDD Matteo Centis, Thesis UHH
o
[4}]
Q
c
o
‘O
)]
o
(1]
O
1070 3~

Bias [V]
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CV and IV measurements

 What happens with irradiation?

acceptors donors
shallow 10__ _9__
electron o ++
traps
_______________ deep  _ _ _.
hole —?_—
traps
¢ 5 shallow
B VO, P, CO, TDD
MCz p- type (IV@T—253K 15m|n@80 C)
o ' -1 0E14cm 2, 23 MeV protons
ol - -
=03}
+ i
S 02}
s :
=3 ;
3 o1
0.0

0 50 100 150 200 250 300 350
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CV and IV measurements

e Use a probe station

* |V (back — front) show current characteristic
« CvsVorl/Czvs 1/V reveals full depletion voltage
* |V (bias-ring — strip): poly-silicon resistor

« |V, CV (strip — strip): inter-strip resistance/capacitance
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TSC measurements
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Why material studies?

« Signal degradation depends on

- thickness 75000 o
- operation voltage *.; ninp-Fz (500V) :
- ﬂuence 20000 :ff*-::\::‘x: H\ n-in-p-Fz (800V) _:
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Thermally stimulated current technique

* Principle:
1) Cooling 1 ~
2) Filling of traps (once per cycle)
3) Heating + recording current
4) Data analysis

n-silicon (phosphorus doped)
deep levels
effective generation levels

\ electrons in the
o, conduction band

++++++

holes in the\o' AR
valence band
|

current [ll VOItage source
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The analysis

4 | | TSC-spectra after annealing
—— 4 min at80°C
40 - . — —-30 min at 80°C H(151K) V,+?

— < W |---- 480 minat80C
< © || | —— 15360 min at80°C x
2 |
© T ' H(140K)

- l
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T T
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Temperature (K)
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Defect spectroscopy:
Calculate concentration, energy,
and cross-section from TSC-
signal:

- shallow traps towards low T

- deep traps towards high T

Annealing at 80 C:

- Simulate shut-down time in
short period.

- what happens electrically

Annealing at 200 C:

- Affects also the crystal structure
itself: Migration of silicon atoms
from e.g. interstitials to vacancies
- Defect identification

T
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Comparison
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DLTS measurements
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Deep Level Transient Spectroscopy

* Principle:
1. Diode under reverse-bias
2. Filling of traps with charge carriers at various T
3. Emission from filled traps — change of capacitance

1 | Quiescent reverse bias (VR)

Bias
oVl . _ |
Vi _'ﬂ pulse
Ve
ACT Capacitance
transient
Cr -
/ 3 | Thermal emission of carriers (VR)
E YT @ > [_Q_Q_L_Q__Oé,..‘._ E
—_— .
time
3 Ey
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Deep Level Transient Spectroscopy

* Principle:

I it e Y e

_
time

Bias
pulse

Capacitance
transient

e v

e Multi-shot technigque
— Traps filled for each T!

- Capacitance transient recorded a.f.o. t, T
- Transient followsAC(t,T) = AC, exp(-e, (T)- t)
— Emission time constant from shape

— Concentration: AC
N, =2N, —
CO
g A lthN
$5 | |
gl VT
§§ _l/:/' : Itrapping:1
e e 1%1"
72N} | 4
E 2 —I/r, : Idetrap: *EXP(Ea/kBT)
88 —I"’I’" | Ovth
= b e
PRl B N
S v v .
t t, time
ﬁHELMHOLTZ
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AMEWAIS

e From AC vs T From transient:

57.0
. —— as irradiated " = data| g -0.245eV
6x10" — — -2400min at80°C | O+E205a+V, 47 56.8 infit] o6 10" cm? L
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7 r
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g [ * é 56.2 - C
T_ [ *> 3
o 310" G 2 56.0- i
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AE e 1
a =oexp(—E,/kT)

vNCE"chC

e?’l,P — O'H,Pvth,n,PNCIV eXp kBT VN .= 1
f f ? ? ¢ oexp(—E/kT)

from fit from literature from measurement In(...)=—In (0)_,_&
3kgT kT

Othnp = * f
el m ” HELMHOLTZ .
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Intermediate summary

* Understanding microscopic details helps understand
macroscopic measurements:

— |V after irradiation
— more current — more mid-gap traps

— CV after irradiation

— Different V4, = Nz has changed
— Compare TSC and DLTS spectra before/after
Irradiation

- |dentify new defects:

- Energy level
- Density a.f.o fluence
- Cross section
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Current measurements
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The Transient-Current Technigque

* Measuring drifting charges:
1) a particles impinge on top side
2) Create eh-pairs close to electrode
3) Electric field separates charges
4) Drifting charges induce current
— measure the transient current

- Pos. (neg.) bias — Measure e- (h+)

- Use fast (2 GHz), low noise (3 mV)
current amplifier, 40 dB

—record signal with oscilloscope

Yvy

m,

~10um

~500pm

\\"7 + drift

— -+ creation

-+ .
eh-pair
+- P 2

charge
separation|| 3

-HV Varift — d/ ttr

i(t)

Qlt)v,(t)/d
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TCT Pulses at RT: Holes

H1 2 [ [ T T 1 (L I [ [ T T 1 T 1 I I T 1 T T 1 [T T 1 I
i | — 900V u
= - — 800V 7
c — . — <700 V ]
10— No exponential Temp: 295 K —s0v
3 L in/decrease — -500V _
- -400 V ~
8— ) Q: h+ — 300V —
- — N_. is small — 200V —
B — life-time > 50 ns ey e
6 R -80 V B
B — 60V _
- — 40V ~
4 =
2— Y et —
| | | | | | l l l | -‘ I l | | l. ‘77 l il l l I-_T_- | i | | | | | l | l l | l l | | | | | l | N

-10 0 \ 10 20 30 40 50 60 70 80

time [ns]

Slower charge

release
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TCT Pulses at RT: Electrons

§-12 | I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I |_|900|V| I I |
:' : — 800V :
E 10— Pulses are longer Temp: 295 K oy -
3 - and lower — 500 V i
B — 400 V B
- Q: e- — 300V B
g - K <K, —my
B — 100 V (BWL) |
6_ — 100V ]
- “eov ]
- — 40V _]
4 —
2— —
0 | | L .
B ] ] ] ] | ] | | | | | ] ] | | ] ] | ] | |- -|w| ] | -‘_.I—-_I-_ .I- ] -“ _| ] | | | | | ] ] | ] ] | ] ]
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time [ns]
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Hole Drift Velocity

_ x10°

2 14 - — | .
£ - sat E
O, - & & ¢ _ ]
% 12— holes 2K —
> L |
3} —50 K {
B —225 K |
4 1+ .
— 295 K _
2 Hi vSCIt —
O_F | | | | ‘ | | | | | | | | | ‘ | | | | | | | | | | B

0 0.5 1 1.5 2 2.5

electric field [V/um]
e |, Increases with decreasing T down to 2 K

e V., ~ constant with temperature: 14e6 cm/s
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TCT pulses from MIPs iIn silicon

Amplitude [V]

* Current pulses for different temps:

o
o
N
a

o
o
N

0.015

0.01

0.005

S L N A —— 4.2K
2 R 34K
18K
...... o g e I

p—

r—
=
w

[Tk

ﬁ HELMHOLTZ
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MIP

io = Q'Vd/ d

Q/2

%

ta=d/vq

C. Kurfuerst
CERN-THESIS-2013-232
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TCT and irradiation

* Very sensitive to changes during drift:
- Number of charges (trapping, amplification)
- Velocity of charges (electric field, mobility)

un-irradiated irradiated
—0.45F ~ e -
G - [\ = 0.6} —3
S0 25" S - § V1w 0.5 =
=p-35- | )= ‘, S 5 =
~ 03" AN = v —0.4" =
0.25 N =270 v|| o.3f —
0.2- | { \\ = V s R =
0 1'5§ [\ - ¥ 0.2 1L \ \ \'-,\._. AN -
.0.13— /: o - 0.1 e 2 N
05 L1 .. |ﬂl |“| Ll oL . |- HI-. I 1 '0.1:—| PN N I T T T N TN T T M | i A
0 5 10 15 20 2 10 20 30 40 50 60
G. Kramberger, 29" RD50 t[ns] t[ns]




Intermediate summery

 TCT measures the current induced by drifting charges
« With irradiation, the shape of the signal changes:
- N.s — slope during drift

- Traps — decrease of current during drift

- “See” effects that influence the drift of charge carriers

(does not mean you understand the microscopic details)
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edge-TCT measurements
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e Shoot with laser from the side
« Charge carriers created at selected depth with respect to strips
e Sensor properties can be studied as a function of depth

e Spatial resolution given by laser width (vertical).
Measurements averaged over strip width.

e Measure current a.f.o. t

To analog, time resolved, readout

/
IR Laser Cooling plate

— Charge profile

- Velocity profile
— Calculate E(2)

XY positioning
(laser)
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Procedure

Eo.ooz B ; - 6.912269 0.295062
n i 08— 13 HoR tE)
- i Efficiency(z)
-0.002(— I
: b tint
-0.004{— 06—
; : O(z)=] I(¢,z)dt
-0.006— V(t,Z) 04-_ tleft
wossh Micron B :
iy - i + boundaries
-0.01:— 02~
_0‘012:1 e I — I — I TR I R I = l = I RN : 1 1 1 1 I 1 1 1 1 | 1 1 1 1| I 1
95 100 105 110 115 120 125 jlzfn " ;]35 0 o5 . — = =3
Z [mm]
tleft tint g
e | -
0.002 = =] Py . . e ®
="y s, OM Avg. drift velocity(z) W 0]
© - > » .
c 0 = " LI—
>3 ?MM* é-o.oos:— :
-0.002(— ; - =
- S -001 :_ tleft +0.4 ns c
-0.004:— 3 vd<z):k' f I(f,Z)dt g
-0.006|— > -0.015— tleft ®
B " O
-0.008— E )
- s e 002 w
B I, ,(t)=Ae,N, ,lexp( d ) e(Z) h(Z) i
0.01— ’ ’ g d L
: -O.OZS:IIIIIIIIIIIIIlIlIIIlIIIlIIIIllllllllllllllllllll
Fets N R L B e e LT 685 69 695 7 705 74 715 172 7125 13

95 100 105 110 115 120 125 130 135 Z [mm]
Time [nsl



Results

* Integrate current —» charge

s L —

S TR o)

g L =
=

O — (7))
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Results for transient

« Comparison for

un-irradiated sensor with Irradiated sensor
g of g o
> - = f
T -0.002 — || - .0,1:_
-0.004 [ | -0.23—
-0.006 - '\ -0.35—
-0.013 -0.5;—

t [ns]

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 57, NO. 4, AUGUST 2010
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Results for electric field

« Comparison for

unirradiated sensor with Irradiated sensor

— 0.012[ — _
.i E ..’.': 0.5
>, 0.01— 2 -
s - S 04
Z; 0.008 |— zg :
B B & o3[
§ o.oosi— g :
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°:|r||1 0:
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IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 57, NO. 4, AUGUST 2010

ﬁ Ti;?OFé?ALTT(fN 03.02.17 | INFIERI 2017 | Hendrik Jansen 65



DPA-TCT technigue

Improving edge TCT
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Laser TCT: create charge along entire path

DPA-TCT: well defined volume of carrier generation
- exploits non-linear effect of absorption at high intensity
- single photon energy is SMALLER then band-gap

- happens only at/near the focus

Optics: Zhenh Huang

Photography: Ciceron Yanez
Date: Oct. 25, 2008
University of Central Flonda

Fluorescent
solution

Double Photon Absorption




Double Photon Absorption Technique

 Laser TCT: create charge along entire path

 DPA-TCT: well defined volume of carrier generation
- exploits non-linear effect of absorption at high intensity
- single photon energy is SMALLER then band-gap
- happens only at/near the focus

SPA TPA
TPA: Conventionally, no excitation if EpthDn<Egap~1 eV. But, if TWO
SPA: Ephmm:—* Egap~1 12 eV photons arrive in ~100 attoseconds:
A BC *
E'2 [\/\/\/? Virtual state
W R S TR
irtual .
e BV —
4
Iil' I EIIIHIIdEZ, 29 I taﬁa iiE vES T US.UZ.I/ | INFIERI ZU'l/ | Aenarik Jansen 00

| AssociaTion  \7g'e



Outline

« HEP detector overview
- what we have and
- why we need to do better

* Radiation damage in
semiconductor sensors

 Characterisation techniques
- lab-based
- with beams

* Clever ideas confronting
radiation damage
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Beam telescopes and test beams
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Test beam studies

 How to study a tracking device in a test beam?
 Need reference frame for precise tracking of beam particles

— Usually use tracking up + downstream the Device Under Test
— Reference system at least the same resolution compared to the DUT

* Two possibilities
- Many layers of same sensor (choose middle one to be DUTS)
- An independent reference system: “Beam telescope”

Slide from |. Gregor

trigger Reference beam telescopes  DUT beam telescopes trigger

scint. plane planes / planes scint.
7 neLmnoLTz 03.02.17 | INFIERI 2017 | Hendrik Jansen 71
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Telescope Iingredients

v" Sensors (Mimosa26) B ol I
v Readout System Sensor Boxes 18 T =]
v" EUDAQ .
) ) ) Trigger Scintillators : i
v Trigger Logic Unit FlexRIO
99 . J — * Adapter FlexRIO PXI System
v" Mechanics e Module Module
DUT :
Readout .
——— VME GPU GBit ETH
LVDS
Mechanics to position
the sensors
Nota bene:

rl;‘ -',L:ir

¢ Use a DAQ that IS L Trigger Lugin Unit
— easy enough to use for your purpose Secondary PC
— generic enough to accommodate your needs

* Reconstruction software for track reconstruction
— e.g. EUTelescope based on ILCSoft

Slide from |. Gregor

* You'll need time to get acquainted with the tools
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Test beam studies

Spil Counter

| Testbeam 21 (e+ @ 6GeV) |

Rate/Hz
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1000 4

Cu target, 5mm
Cu target, 4mm
Cu target, 3mm
Al target, 3mm
Al target, 2mm

<o L3 [ n - L=

Al target, 1mm

p/GeV
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Test beam studies

Know precisely the resolution of your telescope sensors

Measure many particle tracks (hits in telescope + DUT)
- Find hits that belong together (track finding)

- Fit/Extrapolate track to DUT

(for good fit, need estimate T4

of material budgetin beam) |~ | | | | 77 ?
) x ] _ 13.6MeV Z

90 Z+/e- (1+0.0381n (e))

Bep

- Residual = fit — measured
— Fill residual distribution

r®(2) = Oint> (2) + 01,02 (2)
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Test beam studies

Know precisely the resolution of your telescope sensors

Measure many particle tracks (hits in telescope + DUT)
- Find hits that belong together (track finding)

- Fit/Extrapolate track to DUT
(for good fit, need estimate TR
of material budget in beam)

(a) (€))

- Residual = fit — measured
— Fill residual distribution

r2(2) =+ 012 (2)

: cov e b b P L0
fHELMHOLTZ . - - 10 15
4 | ASSOCIATION 03.02. residual in x [um] 76




Test beam studies

* Know precisely the resolution of your telescope sensors

 Measure many particle tracks (hits in telescope + DUT)
- Find hits that belong together (track finding)
- Fit/Extrapolate track to DUT
(for good fit, need estimate RN N e S
of material budget in beam) | | | | 7T ?

8.3 x 10° tracks, o = 0° (5.2 GeV)

Mo
co

- Residual = fit — me =
— Fill residual distril

r u2 (z2) = ‘I‘ Ot

ﬁ e % 50 100 150 200 250 300
| Assocl Xyrack MOd 300 pum

Pa Mo
Fu ()
<cluster charge> [ke]

A
Mo

Mo
o

—
o



Plane

Scintillators
f dzpuT Test beam

downstream upstream

test beam measurements

Resolution studies with CMS pixel detectors
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Spatial Resolution

© B field

« Mimic Lorentz drift by rotating ROC

p"implant

* \Very good agreement with simulation

silicon

 Bestresolution: 5 pum NN\ efctrons
3.2 x 10° tracks (5.6 GeV)

_IIII|IIII|IIII|IIII|IIII‘II1I|IIII|IIII‘I\I\
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Timewalk [ns]

ROC Analogue performance

Improved analogue circuitry

Lower absolute & in-time threshold
~1.5 ke
Current ROC:

2.5 ke- minimal threshold
3.2 ke in-time threshold

Reduced time walk due to faster
comparator

| | | | | | |
Upgrade ROC =——e=—
Present ROC —e—

re
15
Signal charge [ke]

20 25 30 35 40

I HELMHOLTZ
| ASSOCIATION

resolution X [um]

1.2 x 10° tracks (5.2 GeV)
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Slide from S. Spannagel
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Intermediate summary

* We reviewed different techniques to study electrical
properties of semiconductor sensors

e Thereis more ...

« Radiation damage in
- front-end ASICs (read-out of sensor)
- periphery: opto-electronics (laser, receiver)
- passive components: thermal connections, ...

* Time to short to talk about more techniques, but some
iIdeas of mitigating rad. damage in passive components
are given in the next part.
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Outline

« HEP detector overview
- what we have and
- why we need to do better

* Radiation damage in
semiconductor sensors

» Characterisation techniques
- lab-based
- with beams

* Clever ideas confronting
radiation damage
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Smarter cooling

 Radiation damage increases leakage current
 Reversed biased diode acts as resistor heat-wise

i

POWGr - Ubias * Ileakage(T)

Leakage
Current

e Temperature dependence .,
of power dissipation for
each given fluence &

A. Mussgiller, CMS, DESY 2 weLmroLr (]

| ASSOCIATION TemperatureTC)



Minimise current / avoid hot spot

* Increased current due to irradiation can be mitigated by
carefully designing your cooling system

 Thermal performance of CMS Phase 2 Tracker Upgrade
IS characterised in terms of T at which thermal runaway
OCCUIS ( licakage INCreases T, which increases ligaages )

4.0 mm 2S Module, TEDD |
—— 3000 b, 600 V :
—— 30001b", 800 V
—— 40001b”, 800 V

18

16

14

- Teoe K]

11.75
12

.
sensor

o5
9.7972 Min

T

825

10

IIIII|III[II[|I[1|[1II1

CMS Phase 2 Tracker Upgrade ¢ 8
A. MUSSQ'"GFQOOC_IVIS,OJESY 0.0|80(m) >@/L‘Y <




—module
+ Glue? Yes. —

) interface
- Need to glue module _?\
to cooling system support

carbon foam

* |s the thermal connection affected by radiation

damage?
g 4 lvPcsis

* Glue testsample, & r W% | 4
measure, P Elme | F %
irradiate, L . . S
measure, ..., I S R T N
compare I S S

A. Mussgiller, CMS, DESY ﬁuemm ° 0 1 2 3
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Test beam measurements

Sensor R&D for material choice
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Material study for phase 2 pixel ...

Pre-amplifiers/

e ... Using strip sensors. Why? B

Metalisation

Implant, s
: AN
Strip pitch, P — Si0,
Tmplant width, W/
E
3
; clccttons.- E Bulk,
Z| AN n-type ”
Backplane, n' - type silicon © . Voltage -.CIC-J'
@
* Noise level ~100 e before irradiation * Noise level ~800 e before irradiation <=
« Bump bonding « Wire bonding c
» Heat treatment to achieve connection * No heat treatment for connection g
between sensor and readout with readout electronics @
— modification of sensor properties « Separate irradiation 2
* [rradiation of sensor and electronics  No modification of electronics »

— modification of electronics
Beam telescope to reconstruct hit position
— separation of noise from signal
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Cluster definition

(@))
S ®
Y . ==— Trackfrom telescope §2
Il Clustering threshold [ i ) ©
L] ‘ . No threshold used O
_r - in this analysis! =
o I S S § (since track is known)
© ® . Q T ® ¢ -
‘(@ 4 2 =1 3 |5 Mk 9 11 13|15 o
Hqv) » Y
Q \ _ J ) o
k3 | . Real cluster Fake cluster ©
> Strip number n
- Signal height
: 5 : @)
Cluster charge distribution o
g 90k 8 = 2/ naf 2047205 ]
= 805 / 5 e Landau MPV to ConstGo 27934199 | =
c T [ . i . +0. o
o 77 N— Fit function 4 " characterize WPy “185085 | 9
= u F A ik : -
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Material study for phase 2 pixel

3 groups: unirradiated, ~10™ cm®, ~10'"° cm™

@ BF ! -
€ = T 40 ADC L, ~7500, e
§ 405__. ........... ’..’..’.3.._.:._.._.._.._.:_.\._‘.._.._.._: S e G
O 35 e e 10 cmiZ e ._.8.)..
Q = : / —@— Epi 100 um
E. JOE— e ' M“r/
T 2 J—
- P-stop open symbols
§ 20 P-spray full symbols
S 15F , -- 0cm® 5=
: 15 (2 C
776 6m2 —— 110" cm o
10:_ ................................................. 510" cm? O
5f__._I?.r.e_l.l_m.Inary_.re_su!.ts._._._._._._.___._..._._; ................................................. . — 310" om? =
= i i - — 1310°cm? £
00 200 400 600 800 1000 “:‘J
Bias [V] ie)
» Charge collection degrades with irradiation %)

« Charge collection increase with bias after irradiation
« At 10"° cm™:
100 pm sensors — faster signal recovery with bias
200 ym sensors — operation at higher bias
Similar MPV achieved for both thicknesses! INFIERI 2017 | Hendrik Jansen 89
| ADDJUUIAIIUN Qy )



Material study for phase 2 pixel

The thin sensors show promising results:
e 100 pm, p-bulk

— Charge collection efficiency of ~65% after a fluence of 1016 cm-2

- Signal increase with bias
- Good candidates for outer pixel layers (fluence ~10%5 cm-2)
- Further studies needed for operation after a fluence of 1016 cm-2

e 200 pm, p-bulk

- Charge collection efficiency of ~35% after a fluence of 1016 cm-2

Slide from M. Centis

 Comparison to 100 um sensors:
- Slower signal increase with bias

- Smaller noise - 150 um might be worth looking at!
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HV-CMOS

 Use cheap commercial processes, singles-sided

Couple signal to ASIC, e.g. capacitively

L Pixel 1 T ’L Pixel 1+1

HV deep n-well

— L 14 um @ 100V (1080 ¢)

Depleted “
®

¥
P-substrate Not depleted

. Peric, NIMA650 (2011) 1568 weLmmoLTz 03.02.17 | INFIERI 2017 | Hendrik Jansen 91
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TPA-TCT with HVCMOS

» Study the collection time of HYCMOS sensors with the
TPA-TCT technique

un-irradiated Irradiated
7e15 1/cm?
M. Fernandez, 29" RD50
Eollection time [ns], HYCMOSv3 ams 180 nm _ . . . __

20 '
E 15
-5

E 103 = Diffusion

Drift

232 234 236 238 24 242 244 2460 248
x [mm] >4



TPA-TCT with HYCMOS |l

« Extract the depletion width of the sensors, and compare
for different fluences

] %2 ndf 8.325/7 | ...
p[Qcm] 3203+ 205 |: ’

(80 V/)=5.4x10" cm? :

—
—
n

='4’><1él]15 nm;’(:;m2

LN AL I L

o

eff

Depletion width [mm]
=
=
iy

Non-irrej:ldiated: zNEﬁ(80V§=1 x1 0‘% neq/cmzé

[ %2/ ndf 7.35/8 |
plcm] 14.71+1.348 | !

=
s
IIII]IIIIIII\ILIIII

Bias voltage [V]

 The performance INCREASES up to a certain flux!
 Then degrades again: Acceptor removal vs. trapping time

M. Fernandez, 29" RD50 é 'Ti;g‘o*é?ALTTgN 03.02.17 | INFIERI 2017 | Hendrik Jansen 93



3D sensors

 We saw many examples of standard 2D sensors

» Long drift path problematic at high radiation damage
(short trapping times, charges don’t reach electrode)

 How to achieve shorter drift paths?
Planar Technology 3D Technology

P*  wmip P n" wmp P n*
WZZ WZZ

3 J J A ‘_e'. - A
% " v

S(d e

1 s | a3

i -
3 i& .

- Iy i . v

Y W NIM 4 694 (2012) 321-330 “—> con 94



ATLAS 3D sensors

* They exist in different versions

Full 3D technology:

SNF (SLAC) and Sintef

Double-sided 3D technology:

[ oxide [l metal B passivation
CNM and FBK . pSi M ppolySi M npoly-Si [ pSi

~
J. Lange 29" RD50, S. Grinstein, Vertex14, B;E:si 03.02.17 | INFIERI 2017 | Hendrik Jansen 95



e Small inter-electrode distance  Electrode

. Distance L
* Development of new generation PR . N i -

of HL-LHC 3D pixel sensor i

- less trapping due to small L >

— radiation hardness of up to
2e16 n,,/cmz2 required

it

Bump pat
v PP

e sl st e
,,,,,,,,,,,,,,,,

 Drawback: Larger capacitance
— more noise

.. %wm_

[A-type hole, Spm.

p-type hole, 5um.

« Possibility to reduce thickness A

— decreases the noise
— decreased leakage current (less volume)
- put also less charge!
- |t is always a trade-off, need also better ASICS!

”~
J. Lange 29" RD50, S. Grinstein, Vertex14, é%\f 03.02.17 | INFIERI 2017 | Hendrik Jansen 96



3D sensor In a test beam

e Test beam with a 50 x 50 um2 sensor
un-irradiated irradiated

In-Pixel Efficiency (FEI4 telescope, 0°)
5o pmSl:h»:S() 1E (C)

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55

0 10 20 30 40 50 60 70 80 9 100
X position [um]

”~
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Low gain avalanche diode

e Try to increase SNR of your (irradiated) sensor

 LGAD uses P-type multiplication layer below n+ electrode

« Use top-TCT (red laser) for scan

Field Plate N+ electrode
5 mm /

6
10'i E: T g; T 3 T mg T Y I . ﬁ]

P type multiplic:

-
o

o
wl

P type (=) substrate
Resistivity ~ 10 KQ-cm

—

[
Electric field [V/icm]

- -
o o
[ S
T B
al

50 100 150 200 250 300
Depth [um]

o

2015 10™ Spanish Conference on

Electron Devices, “Low gain f
Avalanche Detectors for HEP”, 7 HELMHOLTZ 03.02.17 | INFIERI 2017 | Hendrik Jansen 98
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Low gain avalanche diode

 LGAD uses P-type multiplication layer below n+ electrode

e Use top-TCT (red laser) for scan

Field Plate N* electrode
P type multiplication layer !
N Diffusion (JTE)

MEPIES e

B

— 300000 £

& 1 -
e:n 250000 -
& 200000 Factor 10! | -
ﬁ 150000 *Sr most probable cHarge before irradiation i
[s- ] - ;
S 100000 —a—W8_E10 .
o —e—W38_H11 4
< 50000 300*80 = 24000 —a—2328-10 4
-] ' ' ;

= 0
. ] | . T v T T T v
(1] 100 200 300 400 500 €00

Bias Voltage [V]
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Annealing of defects

 Heating a damaged sensor has positive and negative
effects

 Lifetime of charges at given flux is changed by heating:
- heat — higher mobility of atoms/vacancies
- new ‘configuration’

of defects
- VISIbIe In 0.12 { ——7.5x10™" n.-’cmz, electrons
[ —e—7.5x10""® nfcm?, holes
TSC and DLTS 0.1 o —=—7.5%10""? n/om?, electrons

| —=—7.5x10""° nfem?, holes
] . 1.5x10™"* n/cm?, electrons
H . 1.5x10™* n/cm?, holes

* Trapping probability _
increases for holes, =,
decreases for S
electrons

~
G. Kramberger et al., NIMA 571 (2007) 608 time [min]



Maybe diamond?

1
Pros: ﬂf_} Cons: ‘T‘

« High band gap (5.5 eV)  High Epair-creation (13.5 eV)
— Very high breakdown field — Less signal, but S2N-ratio
— Very low leakage current comparable to Si

« Low dielectric constant (5.7) « Rather high costs

— Low capacitance — Low noise .
P  Not as well understood as Si

« High displacement energy (43 eV/atom) — More R&D efforts needed
— Radiation hard — No replacement

« High mobility (~2000 cmz2/Vs) | i
— Fast signals

« Very wide sensitivity range
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Silicon vs. diamond

 Which material performs better over a time/fluence?

- 60
: — Diamond 24GeV
[+]
; 50 --- Diamond 25MeV
% : === Si 25MeV
n .,
30 ia
4
201%™,
10:_ \‘s“ "Nn- ““““
- e e
% 5 10 15 20

proton fluence (10" p/cm?)

~
JW Tsung, et al, arXiv 1206.6795v2 |2 03.02.17 | INFIERI 2017 | Hendrik Jansen 102



There Is more ...

* Nitrogen, oxygen enriched wafers:

ldea:
specific impurities + vacancy (clusters) from damage

better than vacancy alone

* Micro-channel cooling:

ldea:
optimised cooling by micro-channels inside the bulk

sensor material (instead of cooling pipes)
- very effective cooling
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Resumeé

« Radiation damage is challenging by itself
- Need to understand the microscopic mechanisms
and their macroscopic effects
— Need various techniques for profound understanding

« Radiation damage influences detectors and their
parameters in many ways
- Need to understand which effect is important for my
detector

material, engineered bulk regions,

ﬁjiﬁ?o‘l?ﬂgw 03.02.17 | INFIERI 2017 |




