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Lecture 1

Tracking
- momentum measurement
- vertex measurement
- influence of multiple scattering
- errors and what to do ...

Lectures 2 & 3
Tracking Detectors
- the signal and the noise
- spatial resolution with structured electrodes
- gaseous detectors
- semiconductor detectors
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Content Lecture 3 umversitatﬂ

d Looking back at LHC trackers O Large tracking detectors
d Tasks of strip/pixel detectors [ Upgrades of pixel detectors
1 Fundamentals of silicon detectors (J Radiation Damage
= pn and other junctions = sensor damage and curing measures
= single and double sided detectors = R/O chip damage and cures
" signaland noise @ Noise in ionization detectors
= § electrons .

Don’t be afraid about noise theory

" Ramo for strips again = When to care about noise?
" Lorentzangle = Noise sources in a typical detector
O Hybrid Pixels system
" Sensors » Calculating the noise of a pixel/strip
= front end chips system
= amplifiers, shapers, pile-up O How to make things better?
= thresholds and intime thresholds = Radiation hard sensors and electronics
" hybridization d Monolithic approaches for pixels
" biasing = DEPFET pixels

= Monolithic pixels (MAPS)
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Looking back at 3 years of LHC (25 /fb) ... universitétﬂ

1 This is a definitively a success story |
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Tracking in pp collisions at 14 TeV (LHC) universitétm

Run 169226, Event 379791 NN | V V - £
Time 2010-11-16 02:53:54 CET &\ AT LAS ~1200 tracks every 25 ns

WA GEIEANE | or ~ 10 per second
=> high radiation dose

101> neq/ cm?/ 10 yrs @ LHC

or

600 kGy (60 Mrad)
through the ionisation of
mips in 250 um bulk silicon

position of
tracking detector (pixels, strips, straw tubes)

LHC = 10°x LEP in track rate !

Note: LHC Upgrade (2026): HL-LHC = LHC x 10 ! 6
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Tasks of semiconductor strip and pixel detectors universitétﬂ

1. |Pattern Recognition and Tracking
e precision tracking points in 3D = track seeding

e 1 pixel layer <> 3-4 strip layers (x,y & u,v for ambiguities)

2. | Vertexing (primary and secondary vertex) !

e impact parameter resolution ~10um (rep), ~70um (2)
e secondary vertex resolution ~50um (rep), ~70um (z)
e primary vertex resolution ~11pm (regp), ~45um (z)
e (life) time resolution ~70 fs

Oprp

= 0.03% pr(GeV) ® 1.2%

(inner detector)

3. | Momentum measurement )

PT

Dvalues for ATLAS

N. Wermes, BND-School-2015



Impact parameter resolution (simplified) universitétﬂ

Tparticle
- ( 0,70 )

Soft lepton

o >0 /

Jet axis

o
et
.t
.
.t
.

impact parameter
of a track
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Impact parameter resolution (simplified)

universitétbonnl
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Semiconductors suited for detectors

universit'atbonnl

Semiconductor band gap intrinsic average w.; mobility carrier
(eV) carrier conc. Z (eV) cm?/Vs life time
(cm ™) h
Si LA 45 . 100 14  3.61 505  100pus
Ce 0.66 2.4 - 107 32| 2.96 1800
GaAs 1.42 1.8 - 10° 32 4:35 320 1-10 ns
CdTe 1.44 107 50 4.43 _ 100 0.1-2 ps
CdZn'Te ~1.6 19.1] 4.6 ~1000 50-80 ~ us
CdS 242 48 + 16 6.3 34 50
Hgl- 2.13 62 4.2 4 ~ LS
InAs 0.36 49 + 33 33000 460
InP L:35 49 + 15 150
/ZnS 3.68 30 + 16 8.23 5
PbS 0.41 82 4+ 16 4000
Diamond 5.48 <10° 6 131 1400 ~1 ns
photon absorption by photo effect ~z(4-5) .

N. Wermes, BND-School-2015



Fundamentals of Semiconductor Detectors

Kolanoski, Wermes 2015

Microstrip Detector

N. Wermes, BND-School-2015

rear contact

Sensor-substrate
(n-doped, depleted)

CMOS-Elektronics
chip substrate

Pixel Detector

universitétbonnl
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The pn junction as a semiconductor particle detector universitétm

thin (~um), highly doped p* (~10%* cm3) layer on lightly doped n- (~10%? cm3) substrate

J

V=0 [} N
— p* N 0 g reverse biased junction
Np—Na
Space charge N - neutrality
rzgion : ;m - % NACCP o NDZEn condition
. Xp =
(depleted of NaS>Np
mot?ile charge "NAE : dE B 1
carriers) - i % = 2,0(33) Maxwell
i X
Electric field 8 :
i —<NA (3 4+ 2,) ;—2p, < T <0
l E(x) B . I CEP ] IEp I
_ “m } ] +eNp ( _ 0
Potential ! - xIr :Cn) ] N
v
L e (&
2 2
t Vi = e (NA:L“p + ND35n)
X
0 W
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The pn junction as a semiconductor particle detector umversmﬂ

E with applied external bias voltage
full depletion
| > X E('II") - = + 2
\ - d d
//Q 0~ -
X
g d= 2, = /2L (Vo + Vier) VT,
- — Ly — ?N_D( bz_|_ ea:t)oc ext
-
InC
A
overdepletion g=5000 Qcm
d =400
A=350n|:\l£n - 4nF
Emax = 2Vext /d C~U-1/2
capacitance -
- n
C 11 1
A €€Q d ‘/ea:t full depletion y
: depl . inU
10V 100 V

wwerd depletion zone grows from the junction into the lower doped bulk .




Contacts umversitatﬂ

metal contacts

& |
W
0 " X
pn - junction i
n- |
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CO ntaCtS universitétﬂ

4 !
p+ _ ' . VIV %

| ———  pn-junction E
n- |
% :
|
Y @ L S I

current 4 |

15 Schottky !

)J -- o ohmic
V F0070 77077 , , o
-0.6 -0.3 0.3 0.6
ohmic contact ' voltage
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Detector shapes umversitatﬂ

Metall-
kontakie
3
=
P é
i
8
C
g
S
n' ®)
(a) pn-Flichendiode. (b) Flichendiode mit Guardring.
pn area diode area diode w/ guard ring
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Detector shapes universitétgn‘

© Kolanoski, Wermes

(a) pn-Flichendiode.

DC - Coupling

N. Wermes, BND-School-2015 17



Detector shapes universitétgn‘

“HV

H >; U=Q/ ¢

Metall-
kontakle

© Kolanoski, Wermes

(a) pn-Flichendiode.

AC - Coupling

N. Wermes, BND-School-2015 18



The Signal in pixel detectors => particle tracks umversmﬂ

Guardring Guardring
o
Streifen
/ & & 4
/4 V/4 %E
in Si bulk fully depleted e pixel or strip pattern
-w; = 3.65 eV per e/h e typical cells: 100 x 150 um?
* 3 high energy particle 50 x 400 pm?
= ~ 80 e/h per um e charge drift in E-field
* all charge collected e charge diffusion o~ 8-10 um
* ~ 20000 e/h per 250 um - charge spreads over 2-3 pixels/strips
=3 fC
.eradllag igv X-ray: 3000 e/h i pifciie effieer 78
i Si > CdTe, CZT, Hgl,, ...

N. Wermes, BND-School-2015 19



Charge distribution and delta electrons universitétﬂ

0.
8§ F wmpv . . . -
2 T kinematics: 1-1 relation between emission angle
%0‘5 . Landau distribution and kin. energy
- 1 (T, 2 [2m
B O.(T) = arctan | — ( D 1) ~ arctan {\/ —
0l — (T) 7y T T
s - verage slow ones emitted
b at right angles
B e | —> in 1/f2 part of BBF
0 ¢ | IOI (| l5 111 ILOI 1 1 Ils o 9 highly ionizing
E (arbitrary scale)
A/EM/’" x 107
Elu'.; e : T o § _ lead
?1055— air
/ -o E
for experimentalists dN 1 __ ., Z sin @
— = =-Dz"—px
de 2 A" cos? @
0- electrons are “always”
emitted at 90°and are

highly ionizing

N. Wermes, BND-School-2015 20



Delta electrons umversitatﬂ

4 20000 e

1500 e
13961.28

100 O

12313.92
11300.84
11287.76
10774,68
10261.6
974352
9235.44
872236
8209.28
7696.2
718312
6670.04
6156.96
5643.88
51308
4617.72
410464
3591.56
3078.48
2565.4
Mumt Event # 51004 2052,32
1539.24
1026.16
513.08

250 um € rrrnnnnnnns typ. 60 um

d electron 4500 e

effect of O -electrons

total

Even total number of Clusters: 7308

Cluste Mumber of Hits in Cluster: 361
Cluster Pulse Height: 78155

100 keV 0-electron occurs in
300 um Si with 6% probability
and has “range” of 60 um

0-electron with perpendicular emission

DEPFET pixels (25 um x 25 um)

skip Lorentz angle? 21
N. Wermes, BND-School-2015



Signal generation in a strip/pixel detector

universitétbonnl

reminder: weighting field and weighting potential

: . dQe/h
le/h — di

—

dQ = gV dit

®d,, for a strip/pixel geometry

N. Wermes, BND-School-2015

V=0

V=0 V=1

1
b(x,y) = - arctan

sin(7y) - sinh(7 )

cosh(mz) — cos(my) cosh(m§)

V=0
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Signal generation in a magnetic field umversitétﬂ

Lorentz angle (= average deviation

between collisions)

i
1
{
{
Y A
W &
e
1
1

WL
perpendicular sensor angled
track w.r.t. track

tan oy, = ppaiBL

N. Wermes, BND-School-2015

Pixel Cluster size

signal
-
1
1
1
=l
1
1
1
1

00

angle

Measurement method: number of pixel hits is
minimal when the particle incidence angle is equal to
the Lorentz angle

|. Gorelov et al. NIM A481:204-221,2002 23



Hybrid Pixel Detectors

N. Wermes, BND-School-2015
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Today’s “state of the art” of running detectors universitétﬂ

Carbon fiberplate L
with,insertion Qfls ' %
‘ & | \

.

all based on
“Hybrid Pixels”

rear contact

Sensor-substrate
{n-doped, depleted)

CMOS-Elektronics

e amplification by a
dedicated R/O chip

e 1-1 cell correspondence

N. Wermes, BND-School-2015 '
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Important: Readout Chips (ASICs) umversatatﬂ

1 becomes integral part of the detector
micro electronics ~700 transistors per pixel cell
= up to 700 million transistors so far ~ 3.5 M transistors total

= development takes typ. 10 man years L iH

O ATLAS FE-I3
0,25 pum CMOS technology
pixel cell size: 50 x 400 pum?

18 columns x 160 rows = 2880 cells

parallel processing in all cells
o - amplification
O - Zero suppression

L. Blanquart, P. Fischer et al., NIM-A 456 (2001) 217-231

N. Wermes, BND-School-2015 26



Charge Sensitive (Pre)-Amplifiers umversitatgn‘
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The amplifier: Charge Sensitive Amplifier (CSA) universitétﬂ
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Functions in the cell (binary readout + ,, poor man‘s“ analog) umversitétb.onJ

R —
@ NS
— ﬁ
< _/‘ @ @ |
v Hit
Calibjation
charge
injection
(6+1)-bit
T 1 T Jlocal threshold
Strobe Select DAC i Hit data &
Calibration voltage (40 MHz gray counter)  Arbitration logic
Global (. J
threshold Y

. . . .- Bus to column controller
- Integration of signal charge by charge sensitive amplifier

- Pulse shaping by feedback circuit with constant current feed back
- Hit detection by comparator

) ) ) ) ) y L. Blanquart et al., NIM-A565:178-187, 2006
- ~5 bit analog information via ,,time over threshold

- storage of address and time stamps in RAM at the periphery
N. Wermes, BND-School-2015 29



Pixel Frontend Chip universitétm

L ATLAS FE-I3
= 0,25 pm CMOS technology
= pixel cell size: 50 x 400 pm?

= 18 columns x 160 rows = 2880 cells
= parallel processing in all cells

o -amplification

O -zero suppression

400 um s i
7-bit tune-DAC for local for pixel configuration
Bonding-pad threshold adjustment bits

wm g

IR LEERLLELLE |

Active voltage drop Preamplifier 5-bit DAC - global " RAM write/read control
compensation threshold

N
N

Auto-tune

N. Wermes, BND-School-2015 30



Requirements on the electronics performance

universit'atbonnl

e small noise hitrate - low noise and small threshold dispersion
®* 0O 0ie D Othreshold < ~ 600 e @ a threshold of 3000 e
e time stamp < 20 ns after BX for all signal heights

with tuning : : : ,
ool"‘lol-o-o?--l' ..'!..--'....’-....."1'..-.--.-
v ¥ : : : TUNED:!
Mean = 257p.789-
: : Si = 2&.83e-
‘oo -vea Vu.-...\;f.-.- ...‘;....g..m?.....-...g...-.....
no i UNTUNED
uni ean = 2551.98e-
Hning Sigma = 570.46e-
100

0
0 1000 2000 3000 4000 5000 6000
Threshold / e-

Distribution of pixel cell thresholds
N. Wermes, BND-School-2015
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Important / in-time threshold & efficiency umversitétﬂ

, set threshold e.g. to 4000 + 200 e

et -~ (lowest possible ~1500 e)
35 - o
] ./ In-time threshold (At<20ns): 5200 + 200 e
30 - iy
<1l .27 = overdrive = 1200 = 200 e’
= : . : :
G 1177 (achieved in irradiated assemblies)
£ 20-
g 1 | .
K 11 zero time walk line
1041 . for large signals
I -
51 -
[ e
l' i e Il w
b= ::. ..................................................................................... N
I
-5 —H— T r <+ 4+ < 1 < 75 - r T \L
0 20000 40000 60000 80000 100000 120000 140000 > -

timewalk

g/e via ToT
=» in-time efficiency ~99% wanted and achieved !

N. Wermes, BND-School-2015 32



ATLAS Pixel Frontend Chip umversitétﬂ

1 becomes integral part of the detector
" micro electronics
= up to 700 million transistors so far
= development takes typ. 10 man years

O ATLAS FE-I13

= (0,25 um CMOS technology
= pixel cell size: 50 x 400 pum?
= 18 columns x 160 rows = 2880 cells

= parallel processing in all cells
o -amplification

O -zero suppression

Q End of Column logic

o storage of hit information during
trigger latency (2.5 ps)

o hit selection upon L1 trigger

L. Blanquart, P. Fischer et al., NIM-A 456 (2001) 217-231
N. Wermes, BND-School-2015 33



ALTAS FE-chip readout architecture (animated)

universitétbonnl

= 40 MHz Gray coded clock
transmitted to all cells

= Pixel cells generate hit
information (address and
time stamp) which are
stored at the end of
column

= hits are removed if no
trigger conicidence occurs

= Hit information agreeing
with L1 trigger time are
read out

H

H

H

"DH—'H—'H—'

H

HLELE

]

H

= Analogue circuits
[ | = Digital readout circuits

[ | = Registers used to store
configuration bits

- = Time information
= Trigger

ATLAS Pixel Chip: binary hit information with additional information
on signal hight via ToT measurement (~4-5 bit)

N. Wermes, BND-School-2015
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CMS pixel-chip (analog readout) universitétﬂ

N

©

- ----
7

.

vy

Y

leakage current preamp shaper
compensation

CMS Pixel-Chip PSI46V2

bump
pad

-I sample/hold
comparator
top . ; . it
metal global threshold N i -

\

-

+

- AL-----of--
Y
>4

1
1
intd '
L |
_7) \— 4 bit DAC < 7
S L
T
g
calibrate N \_"
1 < !
=2 - 1
# # 1
.; g // 4 Column token & :
= = readout control 1
= = a !
“ v
h 1
5 latch .
F T1 (12 |T3 | T4 || M |
B - : Q 7T\
= _
« Q 1
g Hit FF v (]
g — ) 1 ‘;'EL
g trim bits mask pixel 1 ! ]
g mask bit 1 = .
- = < |
""""""""""""""""""""""""""""""""""" |z sz |2 |3
E == 1= ]
s B 8 B

v A 4 A J

 functional blocks similar to ATLAS Pixel-Chip FE-13
L additional storage of analog pulse height (sample/hold)

O analog output signal 2 amplitude + row/column address coded in analog levels

H.C. Kastli et al., e-print physics/0511166

N. Wermes, BND-School-2015 35



CMS pixel-chip (analog readout) universitétgln‘

- Overlay of 4160 pixel readouts (analog coded address levels)

Tek Run: 250MS/s Sar_t:IBIe _ 0
——— TA: 400
 oielhi : : : 1! 4 00s L 5_c|ock<_:yc|es encode 13
...................... pixernn . . .o bits of pixel address
i ' ' : : information.

— analog pixel pulse height

pixel address decoded into
binary numbers for DAQ

M 40.0ns 2 2.36 V g sep 2003
100my 40.0Nns 18:24:11

H.C. Kastli et al., e-print physics/0511166

N. Wermes, BND-School-2015 36



IBM (130 nm)

87 Million transistors

26880 pixels (50 x 250 uym?)
lower noise than FE-I3
operation at lower thresholds
higher rate compatibility
radiation hard to >250 Mrad

3+ years of design work w/ 8
designers

working horse for current and
future pixel R&D

HL-LHC data rates
Hit inefficiency rises steeply with 1 005
the hit rate €
0.04 o
Bottleneck: congestion in (double) 003
column readout -
0.02—
=more local in-pixel storage (250nm -> 130nm) :
>99% of hits are not triggered 001
= don’t move them - no blocking L
LI
Local Buffers
pixels ) bl pixels
- — ~ [
?*_. Column pair bus
8 |Datatransfer
@ |clocked at 20MHz -
Sense amplifiers
SRS Serial
. — serialiser —_—*
trigger End of column trigger out
buffer 64 deep
FE-I3 Column pair FE-I4 Column pair

N. Wermes, BND-School-2015

20.2 mm

-
N

ww 88T

Bon ol ‘ikylz‘?‘

M. Garcia-Sciveres et al, Nucl.Instrum.Meth. A636 (2011) 155-159
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Hybrid Pixel assembly => called , hybridization* sty

Sensors

* n*in n (oxygenated Si)
o wafer size (@ 10 cm)
e ~200-250 um thick
Electronics - Chip
e chip size limited by yield ~1-2.5 cm?
e wafer size (@ 20 cm)
Hybridization

IZM,Berlin

e PbSn or Indium bumps (wafer scale)

e |C wafers thinned after bumpingto~180pum  EElesleslssiassissios

e flip-chip’ to matetheparts — SSSSESESE RS
e ~3000 bumps/chip, ~50000 bumps/module ~  EelEesislssisissneiesiseisiae ~

sensor

N. Wermes, BND-School-2015

A dimwinis  m s e a—

p, 82% yield

ATLAS Modul, Foto:IZM, Berlin ATLAS pixel BARE module
38



Hybrid Pixel Assembly umversatatﬂ

flex-hybrid

sensor

out to
opto interface

N. Wermes, BND-School-2015 39



Indium bumping process umversitétm

Wafer Cleaning

Process parameters:
* Resist Thickness: 15 um
* Pre-bake: 30min @ 80 °C

* Deposition rate: 0.5 wm/min

Photolithography

Plasma activation * Dep. Pressure: 9 x 10 -7 Torr

* Temp. during Dep. <50 °C

Evaporated
Indium
Flip-Chip

Chi

Chip

10 ym

Sensor

Wet Lift off process



Solder bumping & flip chip process

universitétbonnl

a)

N. Wermes, BND-School-2015

Sputter etching and sputtering
of the plating base / UBM

Spin coating and printing
of Photoresist

Electroplating of
Cu and PbSn

Resist stripping and wet
etching of the plating base

Reflow :

.
Sensor

wettable metallization (ep-Cu)

plating base (Cu)

Pb40Sn60
Ph95Sn5

adhesion layer & diffusion
barrier (TiW)

passivation (Si02, Si3N4, SiON)

V0-pad (Al)

chip (Si)

Flip-Chip

Chip

41



How to bias a pixel detector? umversitétﬂ

—— Pixelimplantation
punch-through dot
C ) — U=Q,/ C;

o |
/& & 4

Bias grid

Samdand daad w—w—"
3 B e
v il
: n.(")
¢ v . - o A
! !
ML TP
Sk AT

2 ML LL

|

b
e

+HV after flip chip ok

NIE=ENE: A=
AN \ A L
5 N\ H
1 1 3 i
— . contact pad : %
2
— —— N &
— 2NN SN\ i
| N 1 il
1 \{77 L/\?‘\ \‘ \‘{Y > \%v\ —_ f,:
I I AN\ V2 70 & N [ — Nav N _
- \\X__EA 1 \\ /3\ —]
s — B3 =
] N, ] NGRS but want to test the sensor before you put 16 chips on
— N — M
NS00 %0\ R — =
NN =

42
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Biasing of Pixel Sensors umversitétﬂ

punch through biasing

pixel pixel pixel

el

dep]etec?l |
/

below equal above

punch through Vpunch through Vpunch through

N. Wermes, BND-School-2015 43



Semiconductor Tracking Detectors universitétm

basically all

collider and vertex detectors
now possess high precision
semiconductor detectors

close to the interaction region;
often entire “trackers”

Kolanoski, Wermes 2015

N. Wermes, BND-School-2015 44



Tracking Detectors: CMS (pp collisions) universitétﬂ

o 3 b |
oia pa gv Mi |
¥y 8l
p by lly
vi ol /

Largest Si — Detector ever (~200 m?)
N. Wermes, BND-School-2015



Tracking Detectors LHCb VErtex LOcator universitétﬂ

e 42 Si strip detector elements

10 um resolution

e approaches interaction point
down to 7 mm

T

III‘III|III‘HI‘III |||

0

[e2]

pp— B+ X - Dip~v,+X

o~

LHCb Preliminary

EVT: 49700980
RUN: 70684

N

K"K nr4+p v+ X

|
-
)

o ‘ [TTT T lﬁl
¢16

lllllll‘llllllllll‘lll
N. Wermes, BND-School-2015 D 2 4 6 8 10 12 4




Tracking Detectors: ATLAS (pp collisions)

universitétbonnl

SCT {

R=122.5 mm
Pixels { R = 88.5 mm

R =50.5 mm

TRT <

rR= 1082 mm

LR=554mm
[ R=514 mm

R =443 mm

R =371 mm

LR =299 mm

R=0mm

N. Wermes, BND-School-2015

50x400 um?2 cells
80 x 109 pixels

TRT

Transition Radiation Tracker ~ 300 m?,,
Silicon Strip Detector ~ 60 m?
Silicon Pixel Detector ~1.8 m?
points | o (R¢) (um) | o (Rz) (um)
TRT 36 170 -
SCT 17 580
PIXELS 3 10 115

47



ATLAS Pixel Detector universitétgln‘

Cdl®,

AN WA P S’
N

- light weight “carbon-carbon” structures
- cooling (pumped C;F,: boiling point = -25°)
-T<-6°C to limit damage from irradiation

N. Wermes, BND-School-2015 48



1t Upgrade ... (detector in place) universitétﬂ

IBL = ATLAS’ insertable B-Layer _ ___installedin ATLAS: May 2014

7, /7,

* move closertoIP (5.5cm ->3.5cm)
* higher rate
* higher radiation levels (~1/r?)

~

FE-14: larger chip
smaller feature size
higher rate capability

~0.6 x 1.1 cm?

e Wl i
’ " 4 B

b2

i

il

BT e e B e e W TN

250 nm technology 130 nm technology

pixel size 400 x 50 um? pixel size 250 x 50 um? . .
ATLAS Pixel 16-chip

3.5 M transistors 87 M transistors

module

IBL: 2-chip modules

N. Wermes, BND-School-2015



Cosmic

>
©
=
E
I
O
1)
3
[~
<

Vs=13 TeV
May 2015 ¢

[]Data

omm.




next generation based on 65 nm technology ... universitétﬂ

400um
< >
250um
-
=
H £ | | Sl e e e F
E | R Rt i e
Analog font end FE-14 digltal loglc per plxel
Synthesized in 65nm kit. For illustration only. Not in test chip.
4 . . N
ATLAS Pixel FE ch|ps
1 I (i
pininin mulq . | | 1 ' FE-?? addressed by
‘l; | ; ; : : CERN R&D collab.
i HMRAINNR hit rate 1GHz/cm
HM” i a2 3.5 mW/mm?
| i ‘ | } rad hard: 2x10'%/cm? RD53
~0.6 x 1.1 cm? —— _‘ : 1
D S convenors:
250 nm technology 130 nm technology 65 nm technology Jorgen Christiansen
pixel size 400 x 50 pm? pixel size 250 x 50 pm? pixel size 50 x 50 pm? Maurice Garcia Sciveres
3.5 M. transistors 87 M transistors ~ 500 M transistors )

65 nm prototypes of analog and digital circuits submitted and successfully tested

first large prototype submission scheduled for Sept. 2015

N. Wermes, BND-School-2015 51
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Radiation Damage

N. Wermes, BND-School-2015
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One of the main issues for ATLAS and CMS: Radiation damage umversitétﬂ

1 target: 10 years LHC = 10" n,./cm? (600 kGy = 60 Mrad)

e Sisensors: depletion voltage and leakage currents rise
e FE chips: threshold shifts & parasitic transistors occur

e glue: becomes hard and brittle
e mechanics: material performance degrades
e cooling: larger capacity is needed to cool more power

=» intensive irradiation and test beam program over years

including dedicated high intensity beams with LHC like
rates and timing structure

Note: Plans for HL — LHC (~2023): HL-LHC = LHC x 10 => up to 1000 Mrad

N. Wermes, BND-School-2015 >4



Pixel Sensors in the LHC radiation environment universitétﬂ

particle interactions with lattice nuclei

_ _ impurity
Impurity interstitial
. o atom
non-ionizing , )
Interstitia
NIEL energy loss vacancy
(not reversible)
normalized to Frenkel
1 MeV neutron damage defect
recoiling Si-atom can cause further defects double

- defect clusters (10nm x 200nm)

4

1. generation/recombination levels in band gap
- increase of leakage current

2. change of space charge in depleted region
- change of effective doping concentration

3. trapping centers created
- trapping of signal charge

vacancy

hadron

N. Wermes, BND-School-2015 55



Pixel Sensors in the LHC radiation environment

universitéitbonnl

particle interactions with lattice nuclei

l non-ionizing

energy loss
NIEL (not reversible)

normalized to
1 MeV neutron damage

recoiling Si-atom can cause further defects
- defect clusters (10nm x 200nm)

4

1. generation/recombination levels in band gap
- increase of leakage current

2. change of space charge in depleted region
- change of effective doping concentration

3. trapping centers created
- trapping of signal charge

N. Wermes, BND-School-2015

F Change of Depletion Voltage Viep (Neg)

.... With particle fluence

(] 5000f 1
S 1000} ¥ )
R 500f Tt ~600V 10 g
I I type inversion 4 -
o) 100’ 7> 14‘ 2 101 6
- 50F P 10™cm E —
IZI 10* '1'.‘ 100 _LH
5 & " " E =
) [ n-type p-type 7
D 1 T e MR 07! o
10t 100 10! 102 10°
12 -2
O, [10°° cm™ ]

e “Type inversion”: N4 changes from positive
to negative (Space Charge Sign Inversion)

fluence (NIEL) > 10*> n_./cm?

total dose > 600 kGy / 60 Mrad
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Radiation Damage (NIEL) universitétﬂ

threshold energy to remove a Si-atom from the lattice:
o L ?"f/ Cluster Si -25eV, diamond —43 eV

-"f ‘ conduction band . \ P

825 | \ 7
1

3 N
© B T i 7 i»
c % \ Valenzband
© ;
25 f ;/GUSter charged  generation trapping
op Wy defects recombination  center
o ;
— - 10 MeV p 24 GeV p 1 MeV n
ix‘ 4145 vacancies 8870 vacancies
~ [=] ..I .~.|._.-'|,.].'~'.,..1 ' T~ J 1 F T T TF T T T ]
275 | § s sah }‘x : [ N
+ - R N B o —
- AT o1 ! wd ]
A :‘j'w")‘_ IR Y E
_ Z, . L e .
E o 49 r - #
'} 2 - i ¥ i
: > - R I N
'.-.l C L L b 1‘ ’:‘“"“‘:
20 0 2 2 IR A R \PE
Vi : A R -‘1":]'1-{ Lt l: N A . AT
10 05 10 05 1
transverse (nm) x (um) x ()
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Annealing umversnatgn‘

T

o
-
:U Nrev. ann. (@@t)
()
T
prd Nstable
<]
2F i
Nstable,O
O —""00 1000 10000

annealing time at 60°C (min)

e shaking the lattice => beneficial annealing
* too long at a high temperature => defects, that did not harm so far, become active

=> reverse annealing

* hence: keep detectors cool @ -5 to -10° C

N. Wermes, BND-School-2015 58



Pixel Sensors in the LHC radiation environment umversitétﬂ

solution: oxygenated FZ silicon
necessary voltage

radiation tolerant to 105 n, / cm? (600 kGy) for fuII depletion
7 AL O B B L S L B I [ I | ;‘H”J '_“_H_Jlff IFHH:
e 2000} oy f 12000
of standafrd Fz o 1400 I standard silicon\ / / /&“"‘ 1
o neutrons o [ [ 1
— 5 o pions . = = — Y ]
=l spoons e owygentich P2 E = 1500} L {1500
5 o] o s : i |
— . . A// N’ }} / ]
g ; inversion q;// A protons 200 5 8 1000k 'i“?’" _jf.&_«d ] 1000
3 o A s 5 e
Z 2 & e j > [operationvoluge: 600V fhr——f 4 el T
1100 5001 1500
1 I ]
%w j\\ oxygenated silicon

: T 5 6 7 8 9 10
D, [ 1014cm time [years]
protons pions ] RD50, G. Lindstrém et al.
NIM-A 465 (2001) 60-69
[_ neutrons

reason: complex interaction of various (point+cluster) defects: V,0 interplay with a “shallow donor”
that act against each other, V,0 decreases with oxygenation. For neutrons => only clusters
N. Wermes, BND-School-2015 59




Pixel Sensors in the LHC radiation environment

universitétbonnl

I)I

inn “norma

a

+
¥ Change of Depletion Voltage V4, (N.¢) P

... with particle fluence:

ntinn

] 10° p —Implants n —Implantats
—_ B B B B B B B
g‘ 5000 — X —substrate
<o 1000¢ 2
S 5000 1 g
I 100 I - n —back side contact p —back side contact
o 3 110! . .
= 500 0= before type inversion
Zn 10 3 10° s
5 = n " E %
S °f ntype p-type Z
D 17‘ o | . [MMIID‘ {(W :fPhDh 1!792‘b”H‘b“g] 10_1 - d | d S
0t 100 10! 102 10° Y
12 undepleted ~
O, [ 1077 cmr 2]

after type inversion

e “Type inversion”: N changes from positive
to negative (Space Charge Sign Inversion)

fluence (NIEL) > 10*> n_ /cm?
total dose > 600 kGy

pinn

— ===

flooded by charge carriers
generated in the ed e region

after heavy radiation damage

ninn

L. Andricek et al, NIM-A 409 (1998) 184-193

N. Wermes, BND-School-2015
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Pixel Sensors: isolation of pixel implants

universitéitbonnl

before irradiation the pn- diode is on the “wrong” side: n+ in n- contact.

maximum E-field maximum E-field

/7 N\
/ \

/ \
/ /‘\\ \

vt _gff///,@ WM 4&7

BB e p agaa] ¢
n/p n/p
p-stop p-Spray

highest E-fields after irradiation E-fields decrease with irradiation

N. Wermes, BND-School-2015

aluminum

nitride

oxide

p-spray
p-spray with
lower dose

nT

moderated p-spray

optimum configuration
for overall voltage stability

R. Richter et al, NIM-A 377 (1996) 412
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Type inversion has already been observed at LHC

universitéitbonnl

Depletion Voltage [V]

N. Wermes, BND-School-2015

100

= D W A, OO0 O N 0O O
O O O O O O O O O O
T TT T TOT T[T IO T[T L LT[ TTTT[TTT]

o

- ATLAS Preliminary
~ e Data Layer0 —

= Data Layer 1 ---
s Data Layer2 ---

TTT

~§
II[IIIIIIIIIIIlIII“J

I|IIII|IIII|IIII]IIIIIII

Model Layer O
Model Layer 1
Model Layer 2

III|I[II|IIII| III|IIII|IIII|IIII|IIII|II[I|IIII

Illllllllllllllllllllll

5 10

1 MeV n,, fluence [cm?]

x10'2

15 20 25 30 35 40 45
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Measuring the effective depletion depth after irradiation umversitétﬂ

hit pixel cells
- Shallow angle method / SR \

signal
—h
|
|
|
|

signal
e
r———""1
1
1
|

undepleted volume

_ 300 = — ' - - - 1 - - - T T T T T T 1 3 %’ - 18000e
3 E S =400 V
> w0 = S m 400
_é zooE = .06 - lJ "I l mol0yY
o 1502— —; 0.05 : 1
%o 100 = |J I'I I'|r 2% 10% n,, / cm?
G_J - - .04
£ i
Tg og - 0.03 [} |J!]:|I
oo 1 i
Z _ cluster size 0.02 |
Particle L
hamm \\ 0.01 IJII'IJ IHL"I. -LIL"‘H TLA
depleted \\»\ | ;1:-,1_" .I:-"Ir LLLLL"‘ Hﬁ%“"‘-—-_.___
[ T i
undepleted \)\' o 5‘ . IIO‘ B IIS‘ B I20‘ . ‘25‘ B 301_ 35 40 45 kso
e
V.Chiochia, M. Swartz et al. arxiv.org/abs/physics/0409049 cluster cha rge
63
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Measuring the effective depletion depth after irradiation umversitétm

August 2005
CMS beam test

- : . Vs ‘ ! Ak R \'\: \

' RSy F 3 ' T .- a

A h o ‘ Rl -‘f’ L ‘. o "
Scintillator+PMs ~7 WO e
i ) & 2 ™ \\\ - 3 o LN i . m Q: ’

: /4 ¢ , & & s & o° i

7 S‘Vl‘ _ ‘Q/l’- = 4" \variable angle
; | o F W o . ofincidence
~ U . ! i.‘ U - —
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Radiation damage to the FE-electronics ... and cure universitétm

Effects: generation of positive charges in the SiO, _
and defects in Si - SiO, interface Feldfxid Gate-Oxid

Drain

1. Threshold shifts of transistors

=>» Deep Submicron CMOS technologies with small structure
sizes (< 350 nm) and thin gate oxides (d_, <5 nm) = holes
tunnel out leakage

2. Leakage currents under the field oxide

=>» Layout of annular transistors with annular gate-electrodes
+ guard-rings

particle/radiation

ate-Oxid

N. Wermes, BND-School-2015 65



Radiation damage to the FE-electronics ... and cure umversitatﬂ

radiation induced bit errors Q-
(“single event upsets” SEU)

large amounts of charge on circuit nodes & | }

- by nuclear reactions, high track densities - o |1
can cause “bit-flip“

2 examples of error resistant logic cells standard SRAM cell

=>» enlarge storage capacitances in SRAM cells:
chit = Vthreshold -C

=>» storage cells with redundancy (DICE SRAM cell) 1j>°‘ .°<°_|

information and its inverse stored on 2+2 independent and cross-coupled nodes
- temporary flip of one node cannot permanently flip the cell.

L

I
SEU tolerant DICE SRAM cell

N. Wermes, BND-School-2015 66



Irradiated Modules after 1 MGy (20 years @ LHC)

universitatbonn

3

CTolumn
Noise (e): VCAL scan internal.
Module "BnMod32"
45591 out of 46080 pixels with good fit
Noise distribution | Threshold distribution | Constant 7996
Constant 3653 Mean 3133
3500 8000
3000 M_ea" 152.1 7000 Sigma 40.35
2500 Sigma 14.56 e
2000 5000
1500 4000
1000 3000
500 2000 t h
10001 r
Noise (e)
Noise scatter plot | 240032600, 2800 3200340023880 38“‘0?.5"‘0:': ©
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Threshold scatter plot |
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ATLAS

after 100 Mrad

Noise (e): Three..c..
Module "BnMod32_Afterirradiation"
45466 out of 46080 pixels with good fit

Noise distribution ]

Threshold distribution | | Constant 4797

- Constant 3454 5000 | Mean 4167
390 Mean 181.5 Sigma 127
300 Sigma 20.75 | 4o ) T
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200¢ 3000
150 2000/
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50 1000
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A. Andreazza NIM-A 513:103-106,2003
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Noise
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Noise in ionisation detectors

'_‘;‘5 t (b) Signal ® Base-
Vou , (a) /Signal ug Sockelwert line
. . T (Baseline)
Signal + noise
V \
Baseline / Pedestal / Sockelwert
= | | >
Kolanoski, Wermes 2015 t MessgroRe
b 1 T B
o= lim = [ (I(t)—Io) dt
T—oo T 0

IOJ'\"'\VMNV‘\NV‘/\'W\/""
dP,/df = %d(zﬁ) /df = Rd(i%)/df

~Y
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When to care about noise

universit'atbonnl

[ X X ]
\
-—/‘/\/\ : .flx
Q always ... NVZRNA
O but particularly, when situation is like|this 105}— 'v"i i Nal (Tl) Szintillator
r !
{
w { \\/ \
-\ llOmA
A A \lj ! g
g B ‘5 104_ l'\__
%’a S Aé’ S®B '\\
5 > £ S,
£ : -\
S ]
X s Ny,
g " Ge-Detektor \
N1 | > I | > w A
indiv. Messbeitrag MessgroBe ﬂ:J
(a) os > OB A
- 1\ t'h 102 | !J
g B s 2 K.
3 — 3 S
101 - =
. | _ | | ~ aus J.C. Philippot, IEEE Trans. Nuc. Sci, NS-17/3 (1970) 446 _
indiv. Messbeitrag’ MessgroBe l | 1 .
0 500 1000 1500 2000
(b) o5 < op .
Energie (keV)
O even if you are not interested in an energy measurement, remember ... thresholds |
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NOise universitétm

shot noise

white noise .
current noise

resistor noise
switching noise
series noise
flicker noise popcorn noise
Nyquist Noise

parallel noise

Johnson Noise kT/C noise

1/f noise

N. Wermes, BND-School-2015 71



Noise in a pixel/strip detector (ionisation detector) umversitatﬂ

three physical noise sources:

number fluctuations of quanta > 1. shot noise <i?> = 2q <i> df
2. 1/f noise <i2> = const. 1/fdf
velocity fluctuations of quanta > 3. thermal noise <i*>=4kT /R df

where do they appear in a typical pixel detector readout chain ?

|
1
in |
@ > out

pixel sensor C

| )
1 ==C @ <7'Sfl()l.> — 2qu¢3ak: df

D

white spectrum in frequency f

N. Wermes, BND-School-2015 72
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Noise in a pixel/strip detector (ionisation detector) universitétﬂ

three physical noise sources:

number fluctuations of quanta > 1. shot noise <i?> = 2q <i> df
2. 1/f noise <i2> = const. 1/fdf
velocity fluctuations of quanta > 3. thermal noise <i*>=4kT /R df

where do they appear in a typical pixel detector readout chain ?

. | transistor 1/f noise
in / Lo
— (
Ly -

pixel sensor

. ] !

I —C @ thermal transistor channel (white) noise

0 ‘ 8kT

2y _ SN
1 1 |1 <7’ ) ~ 73 gm df
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Noise in a pixel/strip detector (ionisation detector) universitétﬂ

three physical noise sources:

number fluctuations of quanta > 1. shot noise <i?> = 2q <i> df
2. 1/f noise <i2> = const. 1/fdf
velocity fluctuations of quanta > 3. thermal noise <i*>=4kT /R df

where do they appear in a typical pixel detector readout chain ?

preamp

. <v, 2> transistor 1/f noise

N ‘ K |
s <’l)f/f> = ! —df

pixel sensor

N

C @ thermal transistor channel noise
D
. S8KT
2 df

1 1 1 <7)th(2rm> — 39m
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Noise in a pixel/strip detector (ionisation detector) universitétﬂ

noise output voltage (rms)
signal output voltage for the input charge of le™

equivalent noise charge ENC =

ENCj,, = ENC},, + ENCjjp, + ENCY

herm

charge sensitive preamplifier only

ENCghot = \/ Ilégk Tf
C / kT 2Cp Cf
ENCtherm — _L ,Utherm \/ 3q (/load o 104() \/100:{'-5‘ Cload
C

~ Cb Ky gm_ G5\ _ ¢
ENCl/f -~ q Coz WL IIl Tf (/load (/ .)() (for NMOS trans. )
W, L = width and length of trans. gate Cy = feedback capacitance reference
Kf — 1/f noise coefficient Cload = load capacitance Rossi, Fischer, Rohe, Wermes
Coe = gate oxide capacitance C'p = detector capacitance Pixel Detectors. Springer 2006

T = feedback time constant
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Noise in a pixel/strip detector (ionisation detector) umversnatﬂ

.. with an additional filter amplifier (shaper) being the band width limiter

feedback
—<—] M
C (1,M) Lt s
Ay = — ,—
+—— P O=3a\7) @

Vv
pa| _— f— —_ —_
| o, ON o, (N
lleak é Cdet
I ideal amplifier

- N high pass stages M low pass stages

ENC

740 C%(100 fF
T WL (pm?) 2 ) ;
1 (C2(100fF xS
4+ 4000 &l ) P2 ; o,
gm(mS) @ (ns §

o:p‘r ' T
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Noise in a pixel/strip detector (ionisation detector) universitétm

.. with an additional filter amplifier (shaper) being the band width limiter

feedback
: 1 " M
Cs (1,M) +) — v _\_—f//—
—— 0= 30 <,~> )

W,

Vv
I ® P2 /i ==---d /i N PF===--- '\l I Vsha
(J_)O ())O ())0
Ileak $ Cdet
I ideal amplifier

N high pass stages M low pass stages

Comparing pixels D> 50 x 250 um? or 100 x 150 pum?
and strips

50 um x 50 000 um

20 pm O5um O05mS | 25e 17 e 24 e 40 e
50ns| 2000pm O4um 5mS | 800e 200e 750e| 1100e°

>
HE
f
pixel / 200 fF 50 ns

N. Wermes, BND-School-2015
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Signal/Noise in a pixel detector umversitétm

J typical figures for an LHC pixel detector

d

J

N. Wermes, BND-School-2015

Noise =

Signal =

S/N >30

150 e initially

200 e after 10 years @ LHC
20000 e total charge in 250 um Si
13000 e including charge sharing
6000 — 8000 e after 10 yrs @ LHC
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The typical S/N situation ( ... here ATLAS) umversitétﬂ

Signal of a high energy particle = 19500 e- - <10000 e after irradiation
Charge on more than 1 pixel =>S/N >30 - S/N~ 10

1 Discriminator thresholds = 3500 e, ~40 e spread, ~170 e noise

J 99.8% data taking efficiency

J 95.9% of detector operational

J ca. 10 um x 100 um resolution (track angle dependent)

(J112% dE/dx resolution DT P 108
£ JCATLAS Preliming
- = Good Pixels>=3 = ;33
o - PRI 4
s 3 °F S = 10
Irradiation = 7E -.-'.3:“' o E
> - e J
S 6k " =l —10°
L - . = 10
Signal © 5:— . -
After o —
Irradiation -
45 10°
Threshold -

Pedestal

Before Irradiation After Irradiation

95 > 15 1 050 05 1 15 2 25

GeV
P (GeV) skipd§é>dx

N. Wermes. BND-Schook-2015 move to noise ([>> C. Gemme et al., ATLAS-CONF-2011-016




Particle Identification by dE/dx

universitétbonnl

B A | | ] :
+ ~ -
® 1w on Cu 0.06L i)
N:l()o:_ 1= = —
: 5 Bethe-Bloch Radiative o £ .
& [ Anderson- ] Q = 3
= ‘/—u | Ziegler . ; ¢
& ok i 5
g -—; '(_:: E].l( / 2 ).04 ~ —
E—D 10 E__l: A Radiative Radiative —E .
=2 Minimum  effects / losses 7 X s .
e "Nuclear ionization reach 1% __________ -3 2
v : losses _ﬂ_,__._..—-,:-_—-— """"""""""" : =
{ ffffff Without & © 0.02F o
1 | | | |
0.001 0.1 0.1 1 10 100 1000 104 10° 106
By 5 e R
I | | I I | | l l |
0.1 1 10 00, 1 10 100, 1 10 100 | 0 1 —
1 L L
[MeV/c| [GeV/d| [TeV/d
= Muon momeel‘ltu(;n . lo'z |O" | 10 |Oz |O3 IO‘
5 — 25 _ P Energy (MeV)
v = o
Em m
possibility to identify different particles
when E or p is known
—> particle identification by dE/dx
80

N. Wermes, BND-School-2015



How to make things better?

N. Wermes, BND-School-2015
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How to make sensors more radiation hard umversitétm

Planar sensors: (PPS collab.) 8 L |
° Work at 2X1016 neq/cmz @) : E 75|Jlm thick &
* but need high bias voltage IE 1015 cm2
* ninn(inner), nin p (outer layers) 09E 108 ‘ /// i
* slim edges (guard ring optimization) 085 N
3D-Si sensors: (3D-Si collab.) = special geometry 07" § . | i:ﬁ;,:: .........
* 50 pm electrode spacing = V,,,. ~200 V only 065 §/ o il 5um, et g
e option for inner layers F -§ P
@ 03 ""7700 200 300 400 500 600 700 800
voltage [V]
"‘;'"E;"""
3D silicon . . .
v mono-crystalline CVD diamond
electrodes ._v_*_:__;t___v —
n-active edge 50 um
<>
Diamond sensors: (RD42 & DBM collab)
e ~2000e at 2x1016 Neq cm?2 - need low thresh. current focus on poly-crystalline
 but S/N potentially better than Si at high fluence pixel modules (ATLAS DBM) D>

e option for inner layers skip 3D and CVD? 82



LHC upgrades .... ATLAS IBL (installed 5/2014) umversitétﬂ

25% 3D Si sensors
75% planar Si

low bias voltage
small drift distance
=> radiation harder

20000 I I T

i ; +éE-2o1um
4 - _$E—210um
RN — — 2E-210um
e e S S |
o P g R :
—_— % e e~ ;
[:*] 3 : S :
= S RS W | 7500 e
S 40000 | B e = oo TR I -
= ~d = : B
E e e b
=) : ———— ————
72 : 3 = -
B5000 [ oooseousamoom: s e =
0 I i §. DaVia'/ OctO8
o 5 10"° 1 10"® 1.5 10" 2 10"

Fluence [nlcmz]

N. Wermes, BND-School-2015

p-active edge
( +— Bump

[ | oxide [ metal B passivation

Xi metal assivation . . . . . e ar
O oxide W me s p'Si M p poly-Si M n" poly-Si | p" Si

— Edge Pixel—- — T- — — —

1= T Qo..%..m~.. ."0....' sPete® ==
0.8 *“ —
0.6 . =
0.4 <225 um efficient close to the edge =
0.2 =
Opeesnees O " 200 300 400

500
Long pixel [um ]
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CVD diamond as a sensor material

universitétbonnl

property diamond Si

band gap [eV] 5.47 1.12
breakdown field [V/cm] 107 3 x10°
resistivity [Q cm] >10" 2.3 x10°
intrinsic carrier density [cm ] <10’ 1.5 10"
mass density [g cm™] 3.52 2.33
atomic charge 6 14
dielectric constant . U9
displacement energy [eV/atom ] @ _
energy to create e—h pair [eV] 3
radiation length [cm] 12.2 9.4

avg. signal created/um [e] 36 89

avg. signal created/0.1% rad. length X, [e] 4400 8400

Diamond is

= “newer” ... pCVD ...scCVD not in large quantities ...

" has no leakage current, smaller C,

... has nice thermal features

= has lower minmium displacement energy => radiation harder
= to be traded off against a ~2.5x smaller signal (unirr. 36e/um)

N. Wermes, BND-School-2015
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DBM — Diamond Beam Monitor

universit'atbonnl
[ radiation hard due to

— 5x larger band gap than Si = no leakage current
— strong lattice (x2 stronger than Si) = less NIEL damage

O low Z

[ first pixel use in ATLAS:
Diamond Beam Monitor (DBM) — 24 telescopes

n=14
1106 mm
\
617 mm
560 mm :
n=22 \ . \
\
- - A7 AN

275 mm
149.6 mm

88.8 mm

R=0 mm a)

2720.2 2505 -
2115.2
2710 1771.4 s —=
- 1299.9 RaaBS4 848 580
CTOM-QP 853.8 650 400.5
TRT end-cap —_ Eag mm
el
end-cap Pixel barre|

N. Wermes, BND-School-2015
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Hybrid Pixel Detectors @ LHC: PROs and CONs umversitétﬂ

1 complex signal processing already in pixel cells possible
® zero suppression
= temporary storage of hits during L1 latency

J radiation hardness to 10> n,,/cm? PRO

 spatial resolution ~ 10— 15 um

... but also
 relatively large material budget: ~ 3% X, per layer (1% X, @ ALICE)

= cooling, services

[ complex and laborious module production
*  bump-bonding / flip-chip = expensive
2 many production steps

- expensive

N. Wermes, BND-School-2015 86



Rate and radiation challenges at the innermost pixel Iayﬁmmtb"

onn

Hybrid Pixels

___fluence | _lon. Dose

ns kHz/mm? n.L/cm? per Mrad per
I fetlme lifetime*
LHC (1034 cm2s) 25 79
- 25 > 500
/' C Heavy lons (6x1027 cm2s?) 20.000 0.7
RHIC (8%x10%7 cm™s1) 110 0.2
SuperKEKB (103> cms1) 2 400 10
x (103% cm2s1) 350 250 0.4
:gxz: ::fjei:t'ion DIEAAALE assumed lifetimes:
MAPS: STAR@RHIC . '
Monolithic Pixels ~ 7] smallerpixels . Ctovenrs
| terial and future ILC: 10 years
€55 Ma ALICE ITS others: 5 years

N. Wermes, BND-School-2015

better resolution
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NEW developments

DEPFET Pixels -> Belle Il
Monolithic Pixels -> STAR@RHIC, ALICE
(Mixed) monolithic/hybrid -> LHC Upgrade?

N. Wermes, BND-School-2015
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(Semi)-Monolithic Pixel Detector Projects umversitétﬂ

STAR/RHIC 50 Belle | _—

|
-t
f ’
/

total area
0.16 m?

?
total ar silicon (adders

0.014 m2 -

in production for 2017
(talk by C. Marinas on Wednesday)

ALICE ILC
— Upgrade
total area
total area ? m?
~10 m?
7 current
>~ under development baseline
N. Wermes, BND-School-2015 ta rget: 2018 89



DEPFET Pixels

~1pm

: externes Teilchen
ource Gate Drain / Clear Substrat
= .
p-Kanal
[ p
3 | Y
< | i internes Gate =
% N
2| yin TR
b + -
| n
g, +/ *
= _
Al

pt+ source ___

clear gate —

n+ clear—7~

gate

depleted
n-Si bulk

Ruckkontakt

>

\
—_—

amplifier

p+ drain

S deep n-doping
‘internal gate’

deep p-well

P+ back contgey

N. Wermes, BND-School-2015
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How does a DEPFET work?

universitétbonnl

w

P »
< >

L

Gate-oxide; C=C_, W L

} Gate #d

P-c@nel

Source Internal Drain
gate

A charge q in the internal gate induces a
mirror charge aq in the channel (o <1 due to
stray capacitance). This mirror charge is
compensated by a change of the gate
voltage: AV=aq/C=aq/(C,,WL)
which in turn changes the transistor current
ly -

N. Wermes, BND-School-2015

FET in saturation:

2

w oq.
]d 2L ﬂcox(VG + CoxWL I/th )

l4: source-drain current

C,.: sheet capacitance of gate oxide
W,L: Gate width and length

M: mobility (p-channel: holes)

V,: gate voltage

Vy,: threshold voltage

Conversion factor:

_dld_% VG+ aqg; _Vth =a |2 3Id]’t
C WL LCWC,,

ox
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How does a DEPFET work?

universit'atbonnl

w

A
v

L

Gate-oxide; C=C_, W L

} Gate ld

> t

Source g”;fema' Drain

A charge q in the internal gate induces a
mirror charge aq in the channel (o <1 due to
stray capacitance). This mirror charge is
compensated by a change of the gate
voltage: AV=aq/C=aq/(C,,WL)
which in turn changes the transistor current
ly -

N. Wermes, BND-School-2015

capacitor

deep p implant

\ internal gate

n* clear implant sorce

source clear gate
external internal i
gate | gate ; clear
o I —0
I~
drain

Internal amplification g,~ 500 pA/e-
Small intrinsic noise

Sensitive off-state, no power consumption
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DEPFET piXEI array universitétﬂ

] 9 x e DEPFET pixel transistors arranged in a

y T["o—L L.'l:""l matrix
row wise select -> column wise readout

clear = ' “clear{n] y
‘\ '_[,?E"‘_l [?r:"‘gl [ir'"‘_l_lgate[“] —E of transistor (drain) currents
e R
_T_:ﬂh L'll:"._l L'I]lﬁ e Gate and clear lines need a steering chip

~oft

\[
\
\
\
clear_on

clear—off

gate

=

. /
~ -
- —

[ J

line-driver
|
|
\

e Long drain readout lines to keep material
out of the acceptance region

e 100 ns per row
20 us per frame

N. Wermes, BND-School-2015 93



DEPFET PXD ... very different from LHC pixels umversatatﬂ

active area
gate | T 1

2-layer pixel vertex detector (PXD)

total area ‘
0.014 m? ’
\ ¢

clear
n

x| x
gate Py
clear
x®x
X | X

(@ pixel center)

2 layers =

50x75um2 piXElS / 84cm (analog readout) data/dEn
o

0.21% X,

strips

(digital
processing)

data processing
chips

switcher current
chips digitizer chips

flexible interconnect
0 G :) - (polyimide/copper) 75 um

s active area |_
iy PR ROT ST n. thickness Zmm 420um _ |
~ < rigid frame
v "
i 38 L] - o L . _ - 3= =
i I " i
| 1113 :
o — —31-
3 \ P differential data
. transmission (= 1.6 Gb/s)
E
g2 e — conductive layers
S A e Y

(Al/Al/Cu)

- Bump bonded chips | | Thinned sensor (75 um) | | Support frame |
DEPFET sensor , , , 1

N. Wermes, BND-School-2015 A




universitétbonnl

CMOS Pixels (sometimes called MAPS)

skip ?

N. Wermes, BND-School-2015 95



From HYBRID to (more) monolithic ... universitétﬂ

« standard HYBRID pixels i
— various sensors: planar-Si, 3D-Si, diamond * -D— -D-
— mixed signal R/O chip (FE-I3, FE-14, ROC ...)

Sensor FE chip

Chip to chip

v bump bonding —> expensive

3D integration of CMOS Tiers
— separate analog / digital / opto * .D_ _D_
— FE-TC4 (Tezzaron/Chartered)
NMOS PMOS Sensor Analog Digital
~ tier tier

G G

o - s 0 5 Chip to chip Wafer to wafer
T 7 ————— T i ’_;L‘ i . .
i 1 - BN - B bump bonding bonding

n-well

p-substrate

N. Wermes, BND-School-2015 96



A classification ... from HYBRID to new challenges umversnatgn‘

e standard HYBRID pixels |
— various sensors: planar-Si, 3D-Si, diamond * -D— -D-
— mixed signal R/O chip (FE-I3, FE-14, ROC ...)

Sensor FE chip

Chip to chip

v bump bonding —> expensive

* Monolithic Active Pixel Sensors
— MAPS using CMOS with Q-collection in epi-
layer (usually by diffusion = recent advances) * ‘D' 'D-
— depleted DMAPS using HR substrate or Diode + Amp + Digital
HV process to create depletion region: d~A/p-V

- CMOS on SOI

N. Wermes, BND-School-2015 97



A classification ... from HYBRID to new challenges

* (D)MAPS
~100 trans. ~100M trans.
Diode + FE chip
preamp

Wafer to wafer
bonding

* HYBRID pixels using “active” sensors
— 8” HV or HR sensor w/ few transistors
- (voltage) signal coupled to R/O-chip

* DEPFET pixels (one in-pixel transistor)

N. Wermes, BND-School-2015

* {1

Diode + Amp + Digital

X 1Y

universitétbonnl
attractive for

low momenta (thin),
imaging applications
also, but challenging, for
LHC

attractive for LHC

~100 trans. ~100M trans.
Diode + full Digital only FE chip

analog Wafer to wafer
processing bonding

 CMOS ACTIVE Sensors + digital R/O chip
— HR or HV CMOS sensor with CSA+disc
— dedicated digital R/O chip
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MAPS - epi

universitétbonnl

+ ‘standard CMOS’ process

+ fewer interconnections

+ very thin ... low mass

+ low power

+ small pixel size

+ CMOS circuitry, but limited to NMOS
- small signal

— slow charge collection

- frame readout, rolling shutter
— area limited by chip size

— radiation tolerance

I— I;l— row 0 I:l— source
follower
reset stage
H [H ous
column
line
|" D row 2 Ij- o
A
:b
(o)
= e
k]

—T— il
ﬂ col 2

row N D-

u all NMOS, no PMOS
b $D -

N. Werahas, DrSahoa!{201

CMOS with epi-layer as active layer

m

-15

10

NMOS \

R. Turchetta et al
NIM A458 (2001) 677-689

R

\

i

oxide

1
(n+ l l nt ' n+
P-well N-well
deplete

p-epitaxial layer /

i

P-Substrate

(low ohmic)

\ © Kolanoski, Wermes

¥

particle

* realized 2014
in STAR experiment

* target for ALICE upgrade
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MAPS - epi: PROBLEM universitétgln‘

+ ‘standard CMOS’ process NMOS shield PMOS
+ fewer interconnections oxide / NMOS PMOS
+ very thin ... low mass —T e e T
+ low power P-well \ N-well | P- weII N-well
+ small pixel size depleted deep P- weII j
+ CMOS circuitry, but limited to NMOS /// ///
— small signal p- epltaX|aIIayer '
— slow charge collection (Fc)-\f;vulgﬁmg% \
- frame readout, rolling shutter :
\ Kolanoski, Wermes 2015

— area limited by chip size
- radiation tolerance

or use large deep N-well

NMOS PMOS NMOS PMOS
oxide T |
S

r 7 L) ) ) WJ
> We" N-Well P-Well N-Well

skip HV/HR? deep N-Alel
= o

P-Substrate
(low ohmic)

\ Kolanoski, Wermes 2015
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MAPS for ALICE (2018) and for the ILC (20xx?) universitétﬂ

ALICE 10.7m? Y e
74 =
////// =X inner barrel
i N :
I e
I " X
{f i AN
1) I N
AR i =N N
(S |
Outer Barrel N\ W i
§ \\\\ \\\\ y // / |
Beam pipe A\N =/ 4
\\\\ e /
ANY ////
AN ////
3 7%
e ///////
e
specs
Parameter Inner barrel Outer barrel
Max. silicon thickness 50 pm
Intrinsic spatial resolution 5pm 30 pm
Chip size 15mm x 30mm (r¢ x z) — — Electrode o =
Max. dead area on chip 2mm (r¢), 25 pm (z)
Max. power density 300 mW /cm? 100 mW /cm?
Max. integration time
Max. dead time 10 % at 50kHz Pb-Pb
Min. detection efficiency 99 %
Max. fake hit rate 107° P-substrate
TID radiation hardness® 700 krad 10 krad

NIEL radiation hardness® \10'* 1MeV n.q/cm?

2 This inclndes a cafotv fartar af ton

3 x 101 1 MeV ngq/cm?

N. Wermes, BND-School-2015 101



And for LHC —

upgrade? ...

universitétbonnl

pixel-
sensor

chip: pixel cell: amplifier,
discriminator ...
0(100) transistors

signal oc depletion depth

d~/p-V

skip HV/HR?

>

N. Wermes, BND-School-2015

NS

chip: column/region architecture
buffers, periphery ...

o(>100M) transistors ...

requires full CMOS

i.e. pMOS and nMOS in circuit

NMOS PMOS

p-substrate
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TCAD simulations: resistivity — voltage — fill factor universitétﬂ

Substrate: 10 Qcm - 2kQ cm
Nwell: 1V-20V
Pwell: OV

from Tomasz Hemperek

low resistivity high resistivity
1500F 1500+
1000+ —1000F
'Z‘ : ‘2‘ +
; 3B
£ [ = 1
© 5ppd © 500+ s
no radiation 1 no radiation
1e+13 le+13
[ le+14 - le+14
e - o Y e i I
0 100 200 300 400 o | 200 ao
25 ns Time [ns] 25 ns Time [ns]

N. Wermes, BND-School-2015



TCAD simulations: resistivity — voltage — fill factor universitétﬂ

Substrate: 10 Qcm - 2kQ cm
Nwell: 1V-20V
Pwell: OV

from Tomasz Hemperek

low resistivity HR plus (high) voltage
1500F 1500F
[ 1 E""‘:—_:-_., NW@20V
. sz -
10004 Ewm% o=
5" fl>—;- i NW@1V
o 1
@ 5 1
S 5004 _ 6 500“ . 2 kQ cm
no radiation 1 | Te+14NW@1v
le+13 i / le+13 NW@1v
_ }qu I | le+14 NW@20V
013 i ot | le+15 NW@20V
A e AR e e B o A e R e Tl ] L
0 100 200 300 400 0 100 200
25 ns Time [ns} : Time [ns
> 25ns d

N. Wermes, BND-School-2015



Fill Factor influence: here at 10*° n . /cm? st

Electron Velocity

e s e,

fill factor = 15% fill factor = 75%

Charge_Collection

1500F
NW: 20V
oo+ FF= / PW: OV
% I 75% Substrate:2kQ cm
g | Dose: 105 n_ /cm?
© 500+
! FF=15%
D ......... [ R S e | IR VS [ N S SV
s s i i it !
Time [ns]

Tomasz Hemperek 105
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Summary: Resistivity, Voltage, Fill-Factor universitétﬂ

fraction of collected charge in first 10ns

100 substrate Bias Fill Factor
90 resistivity [V] [%]
[Qcm]

80
70 - 10 1 15
60 -

10 20 15
50 -
40 - 2k 1 15
30 -
20 - 2k 20 15
10 2k 20 75

0

from Tomasz Hemperek
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Enabling technologies umversitatﬂ

“High” Voltage Special processing add-ons (from automotive and power management
add-ons applications) increase the voltage handling capability and create a
depletion layer in a well’s pn-junction of 0(10-15 um).

“High” Resistive

8” hi/mid resistivity silicon wafers accepted/qualified by the foundry.
Wafers

Create depletion layer due the high resistivity.

solated Dran NDAXOS

Technology features Radiation hard processes with multiple nested wells.
(130-180 nm) Foundry must accept some process/DRC changes in :;?:é::'nmn
order to optimize the design for HEP.

from: www.xfab.com

Backside Wafer thinning from backside and backside implant
Processing to fabricate a backside contact after CMOS processing.

N. Wermes, BND-School-2015 107



Current approaches (a classification)

universitétbonnl

HV - CMOS

NG
l. Peric et al.

Nucl.Instrum.Meth. A582 (2007) 876-885
Nucl.Instrum.Meth. A765 (2014) 172-176

P-substrate Pixel electronics in the deep n-well

Deep n-well

T4 E-field

N. Wermes, iWoRiD 2015

Nl\;lr?li tr:_rﬁ;s"tor % PMOS transistor /
el
-
]

e.g. AMS technology

NMOS PMOS
oxide
AY
(ot J : -y
P-well e
deep N-wel}\

£

3 depleted
< ‘
Y P-epitaxial Layer (minimal depletion)

* v | or P-substrate (depleted)
A

£ | L P-substrate
g ,| (non depleted)

\Kolanoski, Wermes 2015

AMS 350 nm and 180 nm HV process (p-bulk) ... 60-100 V
deep n-well to put nMOS (in extra p-well) and pMOS
(limitation)

~10 - 15 um depletion depth - 1-2 ke signal

various pixel sizes (~20 x 20 to 50 x 125 um?)

can also replace ,sensor” (amplified signal) in a ,,hybrid
pixel” bonding (bump, glue, other...) to FE-chip => CCPD

108



~50-100 pm
—>

N. Wermes, iWoRiD 2015

Current approaches (a classification)

universitétbonnl

~50-100 gm

HR - CMOS d ~ W
NMOé\ PMOS m ﬁ+ b
oxide T _/ \ 1 i ) - T /L

next
pixel

P-substrate :l
(high ohmic >1kQ cm) "+

NMOS PMOS
oxide _T_
P-well EJ N-well
=
\deep N-well

P-substrate
(high ohmic > 1kQ cm)

skiptoend ?

>

Mattiazzo, S,. W. Snoeys et al.

NIM A718 (2013) 288-291

Havranek, Hemperek, Kriiger, NW et al.
JINST 10 (2015) 02, P02013

 (D)MAPS like configuration

but w/ depleted bulk

 small collection node
* |long drift path

=> smaller C, more trapping

deep n and deep p wells
large collection node

short drift path

=> larger C, less trapping
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Current approaches (a classification)

universitétbonnl

CMOS on SO d~[p)V
_Ub
. NMOS PMOS
oxide vias [ “#
/ \-I- T ., & o

A S +
g_ P n \__ = // P
= T
> N - -
9 P-substrate / or N-sub. prorn

(depleted)

Kolanoski, Wermes 2015
X-ray photon
_Ub
_ NMOS PMOS
oxide vias l I
\f’:’ P-well f’:’/ N-well \f:’/
BOX

S ¥ ¥ - ¥
§- p n \ U _// n
o | |P-substrate A o
7y |(medium R, 100 Qcm, depleted) Pt

Kolanoski, Wermes 2015

would be nice

FD-SOI
OKI/LAPIS/KEK
Y. Arai et al.
issues

— back gate effect

— radiation issues due to BOX
cures invented in recent years
but not suited for LHC - pp

HV-SOI (thick film)
Hemperek, Kishishita, Krtiiger, NW
doi:10.1016/j.nima.2015.02.052

a promising alternative

doped, non-depleted P- and N-wells
prevent back gate effect and
increase the radiation tolerance
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3D integration ... umversitatﬂ

... various CMOS layers

Optical In/ /Optical Out
Power In / Opto Electronics

* D _D_ / and/or Voltage Regulation
/ Digital Layer !

Sensor Analog Digital / Analog Layer 50 um
tier tier
Chip to chip Wafer to wafer / Sensor Layer y
bump bonding bonding

Physicist's Dream

3D integration promises

* higher granularity (smaller pixel size)

* lower power

* |arge active over total area ratio
dedicated technology for each functional layer
but: complex fabrication = yield is an issue

111
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CMOS vias first ... universitétﬂ

Tezzaron/Chartered 0.13 um Process

Large reticule (25.76 mm x 30.26 mm)
12 inch wafers

Back Side Metal

vias: 1.6 x 1.6 x 10 um3, 3.2 um pitch
missing bonds: < 0.1 ppm

Super Contact

analog

Tier 1
(thinned wafer)

Mé o ~Bond Interface
M6 ~N

Tier 2

digital

uper.Contact

N. Wermes, BND-School-2015 112



Wafer-Level StaCking universitétﬂ

N [ O N N N
Oxide ' I I I |
Silicon) 0 0 0

Dielectric(SiO2/SiN)
g Gate Poly
STI (Shallow Trench Isolation))
B W (Tungsten contact & via)
N Al (M1 - M5)
Cu (M6, Top Metal)

'|'I'I'l

“Super—Contact”

N. Wermes, BND-School-2015 113



Next, Stack a Second Wafer (thin) "
universitatbonn

N. Wermes, BND-School-2015 114



3D integration ... vias last

universitétbonnl

plug

Y

chip metal layers

T M

e

N. Wermes, BND-School-2015

through TSVs (%41Am)

FE-I3 operated

M. Barbero, T. Fritzsch, L. Gonella, F. Higging
et al., JINST 7 (2012) P0O8008

* aims to get through
the chip silicon
e can connect to other tier
* can use backside as
distribution layer

HITOCC: SOURCE_SCAN 2.
Module "SC1”

| Hit Occupancy (of cluster seeds) mod 0 bin 0 chip 0

150

100

source-sean
FE-13 50

0 2 4 6 8 101214 16

f‘nll IFYa i



Conclusions umversitatﬂ

Semiconductor micro pattern detector development is at the forefront of
technological advances

= They are the working horse choice for present and future tracking
detectors

= Thereis alarge momentum in R&D and building of new detectors for the
LHC upgrade

= R&D profits from modern micro technologies and their rapid progress

= Pixels/strips have applications in HEP and X-ray imaging (synchrotron
light, medical ... not discussed

N. Wermes, BND-School-2015 116
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