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Introduction

Important advances in tracking through ...

= multi-wire proportional chambers (1968)
and drift chambers (>1972)
—> electronic recording of tracks Cathode planes
= ¢ = mm - 100um, 0.05 channels / cm? o e Charpak

= vertex drift chambers (~1981) Saul
—> vertexing, life times of long lived particles
- o ~ 50um, 0.1 channels / cm?

= silicon micro strip detectors (1983) Hyams, Weilhammer, Klanner, Lutz

—> precision vertexing
- ¢ < 10um, 100 channels / cm?

Jaros, Foster, ...
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Introduction

Important advances in tracking through ...

= multi-wire proportional chambers (1968)
and drift chambers (~1975)
—> electronic recording of tracks
- o = mm - 100um, 0.05 channels / cm?

= vertex drift chambers (~1981)
—> vertexing, life times of long lived particles
- o ~ 50um, 0.1 channels / cm?

= silicon micro strip detectors (1983)
—> precision vertexing
- ¢ < 10um, 100 channels / cm?

» pixel detectors (since ~1993)

- tracking and vertexing in LHC environment
- o ~ 10pm, 5000 channels / cm?

Cathode planes

Anode wire

SSl, 07/20/2006



Tracking in pp collisions at 14 TeV (LHC)

~1200 tracks every 25 ns
or ~ 10 per second

= high radiation dose

1015 Ny ! cm?/ 10 yrs @ LHC

or

600 kGy (60 Mrad)
through the ionisation of

LA .NJ' Y ..:.
; ;- - mips in 250 um bulk silicon

pixel detector
5000 ch/cm?

LHC = 10°x LEP in track rate !

SSl, 07/20/2006 5



Detection tasks of pixel detectors

1. Pattern Recognition and Tracking

e precision tracking points in 3D - track seeding
o 1 pixel layer €-> 3-4 strip layers (x,y & u,v for ambiguities)

2. Vertexing (primary and secondary vertex) 1
e Impact parameter resolution ~10um (r¢), ~70um (2)
e secondary vertex resolution  ~50um (re), ~70 pum (2)
e primary vertex resolution ~11um (re), ~45um (z)
o (life) time resolution ~70 fs
e (vertex counting - luminosity measurement)

3. Momentum measurement 1

Ip = 0.03% PT (GPV) D 1.2% (inner detector)

PT Yvalues for ATLAS

SSl, 07/20/2006 6



Vertexing at LEP ...

Z 211,12 31

secondary vertex

\2
v/

primary vertex

SSl, 07/20/2006

. Si micro vertex detector
~ 10um resolution

layer 2



Impact parameter resolution (simplified)
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Impact parameter resolution (simplified)

A particle

; @ ’r2
01 ?°2 — T

: 01 small !

<«— beam pipe
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... compare ... vertexing at LHC

pp =2 ttH (m=120 GeV)
H — bb
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~ 1200 tracks/BX

high track density
In particular in jets

3D hit information
mandatory

|

pixels
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Expected resolutions (ATLAS)
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Expected resolutions (ATLAS)

Soft lepton
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Tracking Detectors: ATLAS

Inner Detector

i

&5

SSl, 07/20/2006
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Tracking Detectors: ATLAS

Pixel Detector
(3 layers, 3 disks)

— Tﬁw
=i

Transition Radiation
tube Tracker

Pixel Detectors
(3 layers + 6 disks)

50x400 pm? cells
80 x 106 pixels

points | o (R¢) (um) o (Rz) (um) Silicon Pixel Detector ~1.8 m?
pixel 3 12 60 . :
Silicon Strip Detector ~ 60 m?
SCT 4 17 580
TRT 36 170 ] Transition Radiation Tracker ~ 300 m2,
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Tracking Detectors: CMS

B rixel Barrel (TPB)
B rixel Endcap (TPE)
B nner Barrel (TIB)

B Outer Barrel (TOB)
Bl nner Disks (TID)

- Endcap (TEC)

SSl, 07/20/2006

Silicon Pixel Detector

Silicon Strip Detector

~ 200 m?

Pixel Detector
(3 layers, 2 disks)

100x150 pm? cells
33 x 106 pixels

-
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Inner Tracking Detectors: ALICE

Silicon Pixel Detector ~ 0.2 m?
Silicon Drift Detector ~ 1.3 m?
Silicon Strip Detector ~ 4.9 m?

R .=43.6 cm

2 strips 2 drifts

.
g
n
-

/

0 S Pixel Detector
+ TPC (2 layers, no disks)

50x450 pm? cells
10 x 106 pixels

SSl, 07/20/2006
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Outline of the Lecture

2. Hybrid Pixel Detectors for the LHC

The Signal and the Noise in Pixel Detector

SSl, 07/20/2006
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Hybrid Pixel Detectors for the LHC

rear contact

{n-doped, depleted)

pixel electrade

CMOS-Elektronics

chip substrate

Sensor-substrate ]

e amplification by a
dedicated R/O chip

 1-1 cell correspondence

SSl, 07/20/2006

Hybrid Pixel Detector (state of the art)

semiconductor pixel detector hmic contact

pixel contact

flip-chip N\ N B
bump bonding

pixel readout chip

18



The pn junction as a semiconductor particle detector O
thin (~um), highly doped p* (~101° cm-3) layer on lightly doped n- (~1012 cm-3) substrate

picoA = m By reverse biased junction
Np=Na
N _ neutralit
Spacecharge  TTNNN | Nazp = NpTn 0 dition
region v ol
(depleted of ‘a b | B 1
mobile carriers) Na | _
s i E — Ep(:ﬂ) Maxwell
W
5 . i
Electric field E %M (x + fﬂp) — T, <z <0
- | E(z) =
m | —|—E‘,ND .
| S A R A
v
Potential L € 2 2
Ibi Vie = Z (NAin + NDQ?H)
X
o W
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The pn junction as a semiconductor particle detector

E with applied external bias voltage
A

full depletion

B V 4+ Viep n 2Viep @

" Ble) = d d?

d=an = /25 (Vei + Vear) % VVear

]

InC

A

g =5000 Qcm
d =400 pm
A=35cm? __ 4nF

capacitance

C 11 1 /
K — %E X Ve;r:t full depletion

L 1 nF

I > In U
10V 100 V

=5 depletion zone grows from the junction into the lower doped bulk
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The Signal and the Noise In pixel detectors

SSl, 07/20/2006

In Si bulk fully depleted
«w; = 3.61 eV per e/h
 a high energy particle

- ~ 80 e/h per um

e all charge is collected

e ~ 20 000 e/h per 250 um
=3fC

e radiation
e.g. 10 keV X-ray: 3000 e/h
~ 0.5 fC

created charge carriers (e/h)
move in depletion region

by

drift Varift(T) = pE(x)

and

diffusion

typically 8-10 ym in 300 pm Si

Udiff (ﬁ) — 2Dt

note: photo effect ~Z4>

Si - CdTe, CZT, Hgl,, ...

21



The Signal and the Noise In pixel detectors

SSl, 07/20/2006

In Si bulk fully depleted
«w; = 3.61 eV per e/h
 a high energy particle

- ~ 80 e/h per um

« all charge collected

e ~ 20 000 e/h per 250 um
=3fC

e radiation
e.g. 10 keV X-ray: 3000 e/h
~ 0.5 fC

* pixel pattern
o typical cells: 100 x 150 pm?
50 x 400 pm?
e charge diffusion ¢ ~ 8-10 um
« - charge spread over 2-4 pixels

note: photo effect ~Z4>
Si - CdTe, CZT, Hgl,, ...
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Delta electrons

kinematics: 1-1 relation between emission angle

1 [Tax 1 5 PR 2m
T ~ arctan T

slow ones emitted
at right angles
- in 1/p? part of BBF

E 0.2
E - Landau distribution
EULS - and kin. energy
T -
; O.(T) = arctan
0L — Y
: 8 ;10°;
- : |
00s — / |_105§_
o Cohva ol m‘—r—n—v—n— i
0 5 L0 15 20 10°E

E (arbitracy scale)

for experimentalists
dN 1 I ,Z  sin@
_— = 2 —0.r
de 2 A’{ coss @

o- electrons are “always”
emitted at 90° and are
highly ionizing

SSl, 07/20/2006

- highly ionizing

d°N/d@dx




Delta electrons

2 20000 e

1500 e
12961.28

4 SmTEn E

12313.92
11800.54
1128776
10774,65
102616
974852
923544
872236
820928
7E96.2
718312
BE70.04
156,96
564398
51308
4617.72
4104 54
3591 56
307848

250 ym PR typ. 60 pm
S electron 4500 e

effect of & -electrons

tatkal v

Ewen total number of Clugters: 7303

25654

100 keV o-electron occurs in Numk Event # 51004 2052,32
; ] . Clugte Mumber of Hitz in Cluster: 361 ::ggg_lgg

300 um Si with 6% probability Cluster Pulse Height: 78155 *

513.08

and has “range” of 60 um

0-electron with perpendicular emission

DEPFET pixels (25 pm x 25 pm)

SSl, 07/20/2006 24



Signal generation in an electrode configuration

7

how does a moving charge
couple to an electrode ?
 respect Gauss’ law and find

Ramo theorem

7 weighting field
o, /
ZE/h — d‘;/ — qEW U II|—| ’—{Il

L Pe
dQ = qV &y dr b Vet

L induction (weighting) potential

determines how charge movement couples to
a specific electrode

SSl, 07/20/2006

v
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Signal generation in a 2-electrode configuration

V=1
R T Aiv X .
-> @W? 1 (] h ’
d = ““—q t
v 06 i (t)
V:O 0.4
0.2 ie(t)
- 1 €T
= Bw=géstwl@ =37 T

. g o N
= i(t) = a-fu(t) = E;J,E(.L(t))

B V + Viep N 2Viep (t)
d d?

lx V+V 2V, t =10 2peVde
{I“ae( deﬁ%— dep )>€ =t

Vo ll) = — = d?2
and e(?) dt d d?
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Signal generation in a pixel detector (1-dim)

V=0
®,, for a strip/pixel geometry P e
1 sin(7y) - sinh(7§) 3
w,y) = . cosh(mx) — cos(my) cosh(mw§) L
V=0 V=1 V=0

“small pixel effect” |

4p
_- neighbor pixel

L&
=

current (A)

r
=

hit pixel

A
T

&
=

| va 0 . 2EI]r| I 4(I)n I G(I}n . S(I)n
time (s)
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Charge collection in a magnetic field

Lorentz angle

| | I | | I |
l [ ' | l i |
I I I I | I
- I I l. I Y AURTUEER I
I I i I R R A | I
B ® I I ‘:;l I 'I I
| | R | | J ] |
I | b I S | |
| [ vl [ I A T} |
| [ A | T ) |
' | I.ww | / 1 4 1 WY |
perpendicular sensor angled
track w.r.t. track

tanar = paaiBL

SSl, 07/20/2006
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Lorentz angle measurement (ATLAS)

N

ST2 Non Irradiated — 150 V

W

Mean clus. Size

1 orentz angle

25

Pixel Cluster size

cod v b b b by

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

_ BT **i_wzﬁﬂ-; T —T_F—D[
1 N | I 1 1
é ? ]I‘ Qﬂ —l—GoAE‘[(EL[.F'CTgONIS] || i '__ H H‘[l
=== i = '. ". h'. .‘ p _ﬂ_}r i 7- H
= = s s
O i’ l"|+ /._‘ i’l | ‘1 |
O M LA | L
Cl>) = 2 _}1‘ ‘ﬁﬁ *_:'—1 T 3OO;LECTRONS =
Tl i R S
s LA L]JJHI 11 W] ||J||ﬁ
A 102 103 105
Electric fleld (V/cm)
vs [ B

tanag o p =

1+ (B/E.)#)"?

As bias voltage is increased to cope with
irradiation, the Lorentz angle decreases:

Lorentz angle @2T, 150V =-10°
Lorentz angle @2T, 600V = -50
Pixel modules tilt in ATLAS = +200°

Effective incidence angle = tilt angle + Lorentz angle

SSl, 07/20/2006 l. Gorelov et al. NIM A481:204-221,2002 29



Noise in a pixel detector

three physical noise sources:

number fluctuations of quanta - 1. shot noise and 2. 1/f noise
velocity fluctuations of quanta - 3. thermal noise

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

||
1l
in .
@ > out

N
A — O (i%,) = 2¢ L df

white spectrum in frequency f

pixel sensor

SSl, 07/20/2006
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Noise In a pixel detector

three physical noise sources:

number fluctuations of quanta - 1. shot noise and 2. 1/f noise
velocity fluctuations of quanta - 3. thermal noise

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

tranS|stor 1/f n0|se

—d
L7 /

in | /

pixel sensor

A =C @ thermal transistor channel (white) noise

° 8kT

DI S (
1 | (17) = 3 9m df

SSl, 07/20/2006 31



Noise In a pixel detector

three physical noise sources:

number fluctuations of quanta - 1. shot noise and 2. 1/f noise
velocity fluctuations of quanta - 3. thermal noise

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

preamp

] <v, 2> transistor 1/f noise
in Ky 1
@—[>_ (i) = OGTI;/L?df
pixel sensor - '

N

I C @ thermal transistor channel noise

D
S8KT
1 1 1 <”E‘1ﬁr-rra.> — 3 I df

SSl, 07/20/2006 32



Noise in a pixel detector

: . noise output voltage (rms
equivalent noise charge ENC = ! ge (rms)

signal output voltage for the input charge of le—

ENCiy = ENCyp + ENCjyop, + ENCY 4

charge sensitive preamplifier only

Leak TF
nA s

_ %/, kT 2Cp Cr  _ - Cp_ Gy
ENCiherm = q Tjtherm \/ q 39 Claa 104e” x 100{F Cjpn4

I, -
ENCihot = lgt;krf = 56e” X

C _gm_Cf - Cp
EN ~ =2, T T = Q¢ for NMOS trans.
Cle q (fo a v[" f (ffoa.df (/ J 00 fF ( OS )
W, L. = width and length of trans. gate Cy = feedback capacitance reference
K; = 1/f noise coefficient Cloaq = load capacitance §PSTibFis°:'er’ Rohe, Wermes
. : IXe etectors
Cor = gate oxide capacitance Cp = detector capacitance Springer 2006

TP = feedback time constant
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Noise in a pixel detector

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

feedback
: M
¢ paangy = L (LN -y
¢ 1 ' M!\ 1
v
T I 7l SR 7l s N RN s N SV
(J.'IEI [ﬂu_ [ﬂD [ﬂD
iIeak% Cdet
a e I ideal amplifier N high pass stages M low pass stages

o |
Z |
LU
e ns 1n ' " 1

2 j .

10 S
1388 . 22 ( -:
G gm \100TF R

ClIl ,/'/ E e
474 (- -‘j\ ~200 fF 5 %
100 fF for pixels 1 5
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Signal/Noise in a pixel detector

typical figures for an LHC pixel detector

Noise = 150 e- initially
200 e- after 10 years @ LHC
Signal = 20000 e-total charge in 250 ym Si
13000 e- including charge sharing
6000 — 8000 e- after 10 yrs @ LHC

S/IN > 30

SSl, 07/20/2006
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Outline of the Lecture

3. Making a Pixel Detector

From sensor to module-ladder

SSl, 07/20/2006
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Main issue for ATLAS and CMS: Irradiation

target: 10 years LHC 210" n.,/cm? (600 kGy)

» Si sensors: depletion voltage and leakage currents rise
 FE chips: threshold shifts & parasitic transistors occur

 glue: becomes hard and brittle
* mechanics: material performance degrades
 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 Super — LHC (~2015): SLHC = LHC x 10

SSl, 07/20/2006

37



Hybrid Pixel Assembly

Sensors
* n*in n (oxygenated Si)
» wafer size (@ 10 cm)
e ~200-250 um thick
Electronics - Chip
« chip size limited by yield ~1-2.5 cm?
« wafer size (@ 20 cm)
Hybridization
e PbSn or Indium bumps (wafer scale)
» |C wafers thinned after bumping to ~180 pm
o flip-chip’ to mate the parts

capacitors cables

SSlI, 07/20/2006 (with Flex Hybrid and Controller Chip TBM)

1ZM,Berlin
ATLAS FE-13 Wafer ==

FE-I3 wafer map, 82% yield

38



Hybrid Pixel Assembly

sensor

SSl, 07/20/2006

flex-hybrid

out to
opto interface
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Indium bumping process

Wafer Cleaning

Photolithography

Plasma activation

Evaporated
Indium

Lk L

Wet Lift off process

-

SSl, 07/20/2006

Process parameters:
e Resist Thickness: 15 um
* Pre-bake: 30min @ 80 °C
* Deposition rate: 0.5 um/min
* Dep. Pressure: 9 x 10 -7 Torr

* Temp. during Dep. <50 °C

Flip-Chip
Chi
® 2 Chip
{ ) 110 um
& Sensor

Sensor

40



Solder bumping process

Sputter etching and sputtering
of the plating base / UBM

wettable metallization {ep-Cu)

plating base (Cu)

Pb40Sn60

Spin coating and printing Ph95Sn5

of Photoresist

adhesion layer & diffusion
barrier (TEW)

passivation {Si02, Si3N4, SiON)

VO-pad (Al)

Electroplating of chip (S

Cu and PbSn

Resist stripping and wet Flin-Chi
etching of the plating base P P

Reflow :

Chip

Sensor

k
Sensor

SSl, 07/20/2006 41



Pixel Sensors in the LHC radiation environment

particle interactions with lattice nuclei

l impurity
o atom
non-ionizing
energy loss
NIEL (not reversible)

normalized to
1 MeV neutron damage Frenkel

. ] defect
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

SSl, 07/20/2006
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Pixel Sensors in the LHC radiation environment

particle interactions with lattice nuclei B Change of Depletion Voltage Ve, (Neg)
.... with particle fluence:
O 10°

l - e —

non-1onizing S 1000 ™
energy loss S 500f {10° g

NIEL  (notreversible) - bpeinversion o -
normalized to oMo 110 S
1 MeV neutron damage —_
- : N 110° &
recoiling Si-atom can cause further defects p-type =
-> defect clusters (10nm x 200nm) oo s v s e | 10 g T

il ol O
10t 10? 10°

l Dy, [10% cm®]

. L _ - "Type inversion”: N, changes from
1. generation/recombination levels in band gap positive to negative (Space Charge Sign
—> increase of leakage current

) _ Inversion)
2. change of space charge in depleted region
-> change of effective doping concentration
3. trapping centers created fluence (NIEL) > 10'> n,/cm?
- trapping of signal charge total dose > 500 k6Gy

SSl, 07/20/2006 43



Pixel Sensors in the LHC radiation environment

solution: oxygenated FZ silicon

necessary voltage
radiation tolerant to 10° n,, / cm? (600 kGy) for full depletion
7 AL B B B 7S L B [ I I - I I I H_- m_j".l -1.*_‘_
- e J 2000f LA /12000
6F Stanncia:rgnzz I 1400 i standard silicon I
_ o neu 7 . [ Y S
—_ o pions . : — = X .
& 5¢ a protors " oxygenrichFz{ E  Zys500f X 11500
5 4- yd e neutrons 1300 g g [ - jr___u-' -
S 7| type " plors < S | b
= 3} inversion %~ * PR 1, & 1000} - 11000
- . 200 3 - ] fo
o | o/ - [y = L R, L A i
Z 2t 5 o | 5 > [opemtionvoluge: 600V g7 Ao ;;-M’E -
=% T 1100~ 500f = -] 1500
1~ AN ] N A N -
| % %/j\ .a _ _ oxygenated 5|I|cm_1
0 0.5 15 2 2.5 0 | 2 3 - 5 ) 7 ! 9 10

D [10%cm™] time [years]

| protons
Eneutronsj pions

RD50, G. Lindstrom et al.
NIM-A 465 (2001) 60-69
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Pixel Sensors in the LHC radiation environment

i *in n “normal” n* in n
B Change of Depletion Voltage Ve, (Neg) pP* In n "norma

.... with particle fluence: l

~ 5000F s 10° p —Implants n —Implantats
& I ] —substrate
3. i ] — b
© 1000 1102 %
S 500} 5 g
1 100 I type Inversion o i ‘ - n —back side contact P —back side contact
3 y | K — 1 . .
= 50 10%fem? 105 before type inversion
I ] -
E 10 E ] 0 o
; " " = 10 qq:
g 5 npe 1] pome 5
D 1 L [M.Moll: Data: R Wunstorf, Pthesile‘QZ‘Uni Hamburg] | 10_1 —_—

100 100 100 107 10°
Dy [10% cmi?]

undepleted s
undepleted ~

after type inversion

total dose > 500 kGy pinn flooded by charge carriers

generated in theedge region ninn

after heavy radiation damage

- "Type inversion": N ¢ changes from
positive to negative (Space Charge Sign
Inversion)

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

SSl, 07/20/2006 45



Pixel Sensors: isolation of pixel implants

maximum E-field maximum E-field aluminum
7\ /7 N\ nitride

[I \‘ // \\ oxide
AN RN
e s R el

T+ POTogp ol o@| N ot oo p oaoal] ot
n n - L

p-spray
p-spray with
lower dose

nT

n/p n/p
p-stop p-spray moderated p-spray
highest E-fields after irradiation E-fields decrease with irradiation optimum configuration

for overall voltage stability

R. Richter et al, NIM-A 377 (1996) 412

SSl, 07/20/2006 46



Biasing of Pixel Sensors

readout
chip

ca. 0V

depletion

20n¢c Sensor

0V

p—side

controlled potential drop
-

V (up to 600 V)

SSl, 07/20/2006
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Biasing of Pixel Sensors

pixel implant

punch-through dot

[N RN | NS N
[ﬂ\ P g E“A@
55 N

T

Bias grid

ANRRNRRRRNRRRRRNRRRRRRRRAAN

) JILLL )

B e vl s

contact pad

BT RN R
-

SSl, 07/20/2006 48



Biasing of Pixel Sensors

punch through biasing

i

depletec? -
e

below equal above
\'

punch through Vpunch through punch through

SSl, 07/20/2006 49



Biasing of Pixel Sensors

ATLA after irradiation to 10* n,./cm?

e

Bump contact

n-pixels q
ISOla’tlonby 004'"'6-'3"‘[I||'l|||'|I||l|'lnu||.-||||-| 0.025
0.4 -03 -02 -0.1 0.1 02 63 o
moderated p-spray chiarge i x-y -b.025
low fields after R S Rttt T N S oty ‘it et T
irradiation
see paper _ . | |
bleRiChter ;Illi:llllillllill i Ilillilill

-0.3 -02 -0.1 0 6f 02 03 04
charge vs y - any xloc

Punch through dot > .
8 8w w @ — e S R Sh
: : Lps mr me g - -
for testing Tth ith Toth Vit
0 1 1 i I | 1 i 1 | | i 1 i | 1 | i 1 1 i 1 1
-0.02 -0.01 0 0.01 0.02

charge vs x - any yloc

~ homogeneous charge collection after 10 years LHC
SSI, 07/20/2006 50




August 2005
CMS beam test

=8

o .
RS b
l|_._ -~

-
)|
F i
el

' 7 . o = N > Q 3

= b - - o. = i |
) % 7 e
r -. "H Tl ?-/‘,\ > & Ao V?rlat_)le angle
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Measuring the effective depletion depth after irradiation 45min

hit pixel cells
« Shallow angle method / \
]

signal
—-.
|
signal
— -
|
|

300

250 _OO
100 V
500 V

N
(-]
o

BN
NN

-
(-1
o

after 600 kGy

(<]
o

signal heigth (arb. units)
IIII|IIII|IIII|gIIII|IIII|IIII

°
°
»
»
®
®
2
i

Particle cluster size 0.02

AN

] ATLAC
e ——— 0.01
depleted,| i - i b MN\TLEAO
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Trapping after 10 yrs @ LHC

Use tilted tracks again ...

For non-irradiated sensors,the
collected charge is uniform along
the depth.

The charge yield yield as a

_Charge Vs Deptn | | function of the depth can be
| | | translated, via the drift

velocity, in a carrier lifetime:

1

0.8

1,=41+03+0.5ns

Charge (arbitrary units)

> | | 5 5 mean CCE after 10 yrs LHC ~ 80%
2| 4 Bonna irradiated, 600V (rund8s7) (with LHC type annealing scenario)
B : ) Bonn9, not irradiated, 150 V (run 1333)
% S I

200 250
Track depth (n m)

A. Andreazza et al
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Pixel Frontend Chip

ATLAS FE-I3
0,25 pym CMOS technology
pixel cell size: 50 x 400 pm?
18 columns x 160 rows = 2880 cells
parallel processing in all cells
- amplification
- Zero suppression

=

NEENERERA RN

SSl, 07/20/2006



Functions in the cell (binary readout + ,poor man‘s* analog)

ToT
Gl

_L Maalling
. edge
Hit - RAM
ading

_r % ng Priority

edge .
RAM logic
|

Calibfation
charge Address
injection ROM
(6+1)-bit

T 1 T local threshold
Strobe Select DAC Glo : Hit data &
Calibration voltage (40 MHz gray counter)  Arbitration logic

Global (. 7
threshold Y

. . ‘e ‘g 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

- ~5 bit analog information via ,,time over threshold*

- storage of address and time stamps in RAM at the periphery

L. Blanquart et al., NIM-A 456 (2001) 217-231
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Requirements on the electronics performance

¢ o.noise (_B othreshold

 small noise hitrate - low noise and small threshold dispersion
< ~ 600 e- @ a threshold of 3000 e-
< 20 ns after BX for all signal heights

* time stamp

SSl, 07/20/2006

with tuning

) ) £ £ : TUNED:
5 : Mean = 257D.78e-
z : Sigmab = 2683e-
ool — | - e,

i

no i i UNTUNED

) ean = 255]1 .98e
tuning igma = 570.46e-

100——-+-—

i
0 1000 2000 3000 4000 S000 6000
Threshold | e-

Distribution of pixel cell thresholds
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Important / in-time threshold & efficiency

Delay/ns

4[]—-
35 -
30 —
EE-.
20 —
15-_

10 —

. /

set threshold e.g. to 4000 + 200 e-
(lowest possible ~1500 e-)
In-time threshold (At<20ns): 5200 + 200 e-

, = overdrive = 1200 + 200 e-
/ (achieved in irradiated assemblies)

zero time walk line
for large signals

T E | 1 : 1 T
20000 40000 60000 80000 100000 120000 140000

timewalk

g/e via ToT

= in-time efficiency ~99% wanted and achieved !

SSl, 07/20/2006
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Pixel Frontend Chip

ATLAS FE-Chip
* 0,25 pm CMOS technology
- pixel cell size: 50 x 400 pm?
* 18 columns x 160 rows = 2880 cells
» parallel processing in all cells
- amplification
- Zero suppression

e end of column logic

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

- hit selection upon L1 trigger

SSl, 07/20/2006

AL E B
b

LA :-'--
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| ol DR .

-1l

L. Blanquart, P. Fischer et al., NIM-A 456 (2001) 217-231
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ALTAS FE-chip readout architecture (animated)

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

= Analogue circuits
[ ] = Digital readout circuits

] = Registers used to store
configuration bits

I = Time information
= Trigger

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

SS|,

07/20/2006
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CMS pixel-chip (analog readout)

i L

1
1
1
leakage current preamp shaper P 9 1
compensation IE - e
1
1
T, |
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
: -| i i
1 ag
1 P sample/hold
|
| —— comparator :
1
C 3 I
i mtt‘)ll:i.l global threshold ; hit — :
' In'd : :
| _7) \Q_ 4bit DAC < 7
: |_|_| L
1 T
1 calibrate |
1 - -
r|E z i
|3 . |
i % % q Column token & :
: = = readout control |
1 E E r'y :
: § latch |
a 1
1 2 |1 T4
| # - T1 |T2 | T3 |T4 ||M Q Lo
1 = 0
] Q 1
! g Hit FF I
: ;Es trim bits mask pixel 1 :
: 2 mask bit 1
| a : &
i o
____________________________________________________________________ 1 = =
£ g S
g Z =

functional blocks similar to ATLAS Pixel-Chip FE-I3 '

additional storage of analog pulse height (sample/hold)

analog pulse height

pixel address

CMS Pixel-Chip PSI46V2

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

SSl, 07/20/2006

H.C. Kastli et al., e-print physics/0511166
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CMS pixel-chip (analog readout)

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

Tek Run: 250M5/s Sample
S S, &
. : &400
S T 18 86aus |~ O clock cycles encode 13
---------------------- BIAE 1ol OGO P P bits of pixel address
I information.

— analog pixel pulse height

pixel address decoded into
binary numbers for DAQ

2
e
: : ) ) ) )
0
- ultra black - S S
P I B U SN SR S ST SN S S S ST SN S S S U S S S M40.Un5I2.36ngep2003
Math1 100mv 40.0ns 18:24:11

H.C. Kastli et al., e-print physics/0511166
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Radiation damage to the FE-electronics ... and cure

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

Drain

1. Theshold shifts of transistors

= DSM CMOS technologies with small structure sizes (< 0,35 pym)
and thin gate oxides (d_, < 10 nm) -> holes tunnel out Leckstrom

2. Leakage currents under the field oxide

= Layout of annular transistors with annular gate-electrodes +
guard-rings rticle/radiation

ate-Oxid

Source

SSl, 07/20/2006 62



Radiation damage to the FE-electronics ..

. and cure

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

large amounts of charge on circuit nodes
- by nuclear reactions, high track densities -
can cause “bit-flip“

2 examples of error resistant logic cells

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

- storage cells with redundancy (DICE SRAM cell) {ED“ ‘°<°_I

SSl, 07/20/2006

Q_

$ 3

standard SRAM cell

L

I
SEU tolerant DICE SRAM cell
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Irradiated Modules after 1 MGy (20 years @ LHC)

3

a0
0
0
280
0
150

H

Column

before irradiation

Moise (e): VCAL scan internal.
Module "BEnMod32"

45591 out of 46080 pixels with good fit
Noise distribution |

4 5000 i0oga 15000 20000 L 30000 Wi 15000
"Channel” = row+160"column+2880*chip

Threshold scatter plot |

Cy
o+000

53800 o Gthl" =: 40e |
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|
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s ool RS Prxeel Modul (without Flex)

Noise distribution | Threshold distribution | Constant

Constant 3454
Mean 181.5

b Sigma 20.75 | 4000

250 :

o 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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Spatial resolution in irradiated assemblies

before irradiation

3000 T ;

2000 -

1500

1000

500 | |

B500) [l e e |
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In-time track efficiency in irradiated assemblies

before irradiation

efficiency
H

o2l

,,,,,,,,,,,,,,,,,,,,, S S eff.

o6 L

nohit 0.1%

99.9%

- outof time 0%
plateau 14ns

efficiency

. .30 40 50
efficiency vstime, standard

b~

S
%

0

after 600 kGy

efficiency
' no hit AR
R oiie ++
plateau ¢+

 masked

-
1

25ns -

f

4

+ ; '
4 : ’*«h

97.8%
1.5%
L 07%
. 97ns
| ~10%

30 50
efficiency vs time, standard

0 10 20

large in-time plateau for efficency margin

SSl, 07/20/2006
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Main issue for ALICE: minimal material

In central HI collisions up to 8000 charged particles/ |n| are expected.

Primary charged 'par':j'ricles"i'h". central-event

radiation levels only ~ 5 kGy, 6x10'% n_, / cm?
-> operation at room temperature possible !

SSl, 07/20/2006

~80 hits/cm?
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Main Issue for ALICE: minimal material

very light weight Carbon Fibre
support structure (200pm,0.1 X,)

sensor 200pm
IC 150pum

cooling (C,F,,) @ RT  0.3% X,
(PHYNOX tubes, wall 40um)

SSl, 07/20/2006

total X, per layer ~ 0.9%

(ATLAS, CMS > 2%)
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] f— . — . e A

 AVLPA . VAVAVAVAVY AvAvAVA

e ' ATLAS

- minimal X, “C-C” structures
- cooling (pumped C,F;: boil. point = -250)
- T <-69C to limit damage from irradiation
- power dissipation: ~100W/stave

(ATLAS) ~15kW/detector

SSl, 07/20/2006



Hybrid Pixel Detectors @ LHC

complex signal processing in cells
* Zero suppression
« temporary storage of hits during L1 latency

radiation hardness to 10"° n/cm?

spatial resolution ~ 10-15 pm

... but also

relatively large material budget: ~ 2% X, per layer (1% X, @ ALICE)
» cooling, services

complex and laborious module production
 bump-bonding / Flip-Chip - expensive
 many production steps

SSl, 07/20/2006
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Conclusions

€ hybrid pixel detectors are the “state of the art” of pixel vertex detectors

€ spin-offs into imaging applications are abound
» X-ray pixel detectors (MPEC, MEDIPIX, CiX)
» X-ray astronomy (DEPFET, CdTe pixels)
 time resolved autoradiography
* ... many more

€ next challenges are around the corner

* Super-LHC
radiation fluences up to 10'® n,,/cm? > new sensor types
“light weight” - less power, new cooling, new mechanics
data band width - 40 MHz - >GHz

* Monolithic pixel detectors for ILC
(semi)-monolithic pixel detectors: MAPS, DEPFET
new technologies: SOI pixels, a-Si:H pixels

€ Joinin! There is enough to do !

SSl, 07/20/2006
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Further Reading

" Rossi, Fischer, Rohe, Wermes, “Pixel Detectors: From Fundamentals to Applications”, FEaELAacls
Springer Berlin-Heidelberg-New York, 2006, (ISBN 3-540-283324) Gyr

-

LR

= G. Lutz, “Semiconductor Radiation Detectors”,
Springer Berlin-Heidelberg-New York, 1999.

= E. Heijne, “Semiconductor Micropattern Pixel Detectors: A Review of the Beginnings”, NIM A465
(2001) 1-26

= N. Wermes, “Pixel Detectors for Tracking and theirs Spin-off in Imaging Applications”
Nucl.Instrum.Meth.A541:150-165,2005, e-Print Archive: physics/0410282
and “Pixel detectors”, in LECC2005 Heidelberg 2005, Electronics for LHC and future experiments

e-print Archive: physics/0512037

= ATLAS Pixel Detector, Technical Design Report, CERN/LHCC/98-13 (1998)
CMS Tracker Technical Design Report, CERN/LHCC/98-6 (1998)
ALICE Inner Tracker System, Technical Design Report, CERN/LHCC/99-12 (1999)

» R. Horisberger, “Readout Architectures for Pixel Detectors”, NIM A465 (2001) 148-152
L. Blanquart et al., “Pixel Readout Electronics for LHC and Biomedical Applications”, NIM A439

(2000) 403-412
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Outline

4. Pixel R&D for Future Colliders (addendum)

New developments for the ILC

SSl, 07/20/2006
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Pixel Detectors for a Linear Collider

Time structure and rates

950 s J( 199 ms >|< 950 us

2820 bunches

e 80 hits / mm?2 / bunch train @ r=1.5 cm

Requirements

e Thin (< 50 pm, 0.1% X,) = monolithic

* > 500 Mpix with small cells (< 25x25 pum2 )
e Fast (50 MHz/line, 25 kHz/frame ~2Mpix)

* Low power (few Watts for full detector)

» Radiation tolerance < 4 kGy = 1/25 of LHC
* No trigger

SSl, 07/20/2006
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Principle of (semi-) monolithic pixel detectors

generation and integration of signal in same substrate

* pn'diOde > QSignaI

» collection diode (transistor gate)
> USignal = QSignaI/ Cg
or ISignal = Om - QSignaI/ Cg

e row wise selection of pixels

e column wise readout

» switch in cell (select/reset)

MAPS (CMOS active pixels)

« same CMOS substrate (low resistivity) for
steering/readout electronics and Q - collection

DEPFET
« amplifying transistor on fully depleted bulk

(high resistivity), separate steering and R/O chips

SSl, 07/20/2006

select line

DU

row selection and clear

column readout
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Principle of (semi-) monolithic pixel detectors

generation and integration of signal in same substrate

* pn-diode = Qgjypn,

» collection diode (transistor gate) select sensor pixel matrix reset
> USignal = QSignaI/ Cg
or ISignal = Om - QSignaI/ Cg

* row wise selection of pixels

e column wise readout

» switch in cell (select/reset)

DEPFET

MAPS (CMOS active pixels)

« same CMOS substrate (low resistivity) for
steering/readout electronics and Q - collection

DEPFET
« amplifying transistor on fully depleted bulk column
(high resistivity), separate steering and R/O chips readout

SSl, 07/20/2006 76



Conclusions

€ hybrid pixel detectors are the “state of the art” of pixel vertex detectors

€ spin-offs into imaging applications are abound
» X-ray pixel detectors (MPEC, MEDIPIX, CiX)
» X-ray astronomy (DEPFET, CdTe pixels)
 time resolved autoradiography
* ... many more

€ next challenges are around the corner

* Super-LHC
radiation fluences up to 10'® n,,/cm? > new sensor types
“light weight” - less power, new cooling, new mechanics
data band width - 40 MHz - >GHz

* Monolithic pixel detectors for ILC
(semi)-monolithic pixel detectors: MAPS, DEPFET
new technologies: SOI pixels, a-Si:H pixels

€ Joinin! There is enough to do !

SSl, 07/20/2006
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Springer Berlin-Heidelberg-New York, 2006, (ISBN 3-540-283324) Gyr

-
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= G. Lutz, “Semiconductor Radiation Detectors”,
Springer Berlin-Heidelberg-New York, 1999.

= E. Heijne, “Semiconductor Micropattern Pixel Detectors: A Review of the Beginnings”, NIM A465
(2001) 1-26

= N. Wermes, “Pixel Detectors for Tracking and theirs Spin-off in Imaging Applications”
Nucl.Instrum.Meth.A541:150-165,2005, e-Print Archive: physics/0410282
and “Pixel detectors”, in LECC2005 Heidelberg 2005, Electronics for LHC and future experiments

e-print Archive: physics/0512037

= ATLAS Pixel Detector, Technical Design Report, CERN/LHCC/98-13 (1998)
CMS Tracker Technical Design Report, CERN/LHCC/98-6 (1998)
ALICE Inner Tracker System, Technical Design Report, CERN/LHCC/99-12 (1999)

» R. Horisberger, “Readout Architectures for Pixel Detectors”, NIM A465 (2001) 148-152
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(2000) 403-412
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Addendum
Pixel Detectors
for ILC



l l Meynants, Diericks, Scheffer, SPIE 3410:68-76 (1998)
C M OS AC’[IVG P IerS R. Turchetta, NIM-A 458:677-689 (2001)

charge coll. in several ym thin epi-layer by thermal diffusion to n-well/epi junction
p-wells and substrate highly doped > charges kept between reflection boundaries
signals processed by standard CMOS circuitry integrated on sensor

only nMOS in active area (due to n-well/epi collection diode)

Q-collection time ~100 ns (due to diffusion)
incomplete Q-collection and small signals (< 1C
small pixel sizes (< 20x20 ym2): a must and a

Charge collecting diodes

n* pixel circuitry

i A

= --N----8 -5 5 .

entries

p-epitaxial layer

p** substrate

charged e
particle e 20 nsec
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CMOS active pixels / R/O & performance

row selection — column R/0

,standard“ 3 transistor R/O scheme
— upgraded to include amplification, current memory (15 transitors, MIMOSA-7)

detectors sizes up to

reset
/ source follower stage
/
A DO O O L
L O Ol ok [N - small signal (< 1000e)
é D_ D_ D_ - m_ i => lOW n0ise needed
3l O CHOH s

select
2 °
P 19.4 x 17.4 mm? (1Mpix)
2 S Gl —
s g o CONTROL o .
3 E\,|_:fOL_SE*L SHIF':REGIS:’ER 64t;| Mer | Locic ° sma"es-r p”-Ch . 17 ”m
RE_SEL SHIFT REGISTER 64b | G

spatial resolution < 2ym
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Detector image processing

1) Correlated Double Sampling (CDS): subtraction of two consecutive frames to eliminate base

levels, 1/f and fixed pattern noise [~ dts st 605 |
Raw data

wge=T - EOS after CDS

[ Swoond frame of raw data |

- 1* frame - 2" frame

ADC counks

2) Correction for pedestal (~leakage current) and common mode noise: extraction of the
physical signal

Padesiain

i | Signal after pedesial and common-mode correction |

_— pedestals e ~ CMN __ ——_SIGNAL
| et et ; = p— fa __'_'_._._.____,_.-n-'-— st \x"x\_\_
e £ ® Eu__,f‘..:--‘—ﬂ‘f o i ol =3 .H\-‘"H-H_.
il < %
e "'“!'Gﬁﬁ : “"‘4\,1,'3..:?: é 30 ) -{“'-.E_ ! -'_—_‘__ S T !

3) Noise and S/N determination
Maina | . Signal-io-Hoise ratic
noise

ADEC counts

from D. Contarato

Devis Contarato, Beam-test of CMOS PIXEL 2005 / = -
sensors with 6 GeV electrons at DESY Bonn, 05-08 September 2005 ' <=




DEPFET pixels: high ohmic bulk

Potential distribution:

Potential

source top gate  drain

internal Gate

p-channel

internal gete 4=y sy
$/7A

AV

-3.00

/ lly depleted 50 Hn e

+ totally deplete 5

+_ n"-substrate - 300&1 02
rear contact - vV

0.0z ., 002
.U.g

1
[TeSCA-Simulation]

(MOS)FET-Transistor integrated in every pixel (first amplification)

Local potential minimum (for e ) under transistor channel

Electrons are collected in ,internal gate“ and modulate the transistor-current
Signal charge removed via clear contact

output is a current

J. Kemmer und G. Lutz;, NIM A253 (1987) 365
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Monolithic Pixels / DEPFET pixels

[ .
, +15V Potential distribution:

Potential

internal Gate

\\

symmetry axis
[
\\
50 um

| rear contact

0.02 ., 002
I "If)'z

(MOS)FET-Transistor integrated in every pixel (first amplification

small C, (fF) => very low noise (< 2e- achieved in spectroscoopy devices, ~100e- @ ILC)
large signal => thin detectors (50 yum) > S/N =40-80 @ ILC
low power => ~ few watts for entire detector (5 layers) - save cooling (X,)

detector sizes: 64 x 128 pixels, ~25x25 ymz2 cells
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Operation of a DEPFET Matrix

GATE SWITCHER
row selection for readout

:
Current Readout chip

(read currents, store and subtract pedestals)
| |

1 active row
DEPFETs are ON

R/O - CLEAR > R/0O

all other rows OFF
still active for signals

- low power !

row selecti

- Read cells of a row
& store their currents
- Clear internal gates
of this row completely
- Read again (pedestal
currents) and subtract

by adding currents

SSl, 07/20/2006
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ILC Detector Concept

50um 300um
; |
t

o
uuuuuuuuuuuu

inimal coolin (Xo) r'equir'e
~ B5W for 5 layer VTX detector
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Backup Slides
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FE-chip wafer yields (0.25 um CMOS)

ATLAS (FE-I3) CMS (ROC)

Sgg«

Al
M ok
I sh
i<
= m
[li2e

yields o s
before . °
thinning 827 > 80%
11 x 7.4 mm? 7.9 x 9.8 mm?
180ym thick 200um thick

SSl, 07/20/2006

ALICE (SPD-RO)

iﬁ

N
i

1 15 N

51%

13.5 x 15.8 mm?
150um thick
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E-flelds In “p-stop” and “p-spray” in comparison

S 12f Nolx[w“clmﬂ]
:é; - 3.0
E 1:— 2.5 —
o - Change during 2.0
0.8 irradiation 15 |
- 1.0 -
0.6 06 -
- 0.2 ]
0.4 / _
0.2 -
ol v L v Lo L e by

0 20 40 60 80 100

120

Potential difference [V]

(a) p-stop

E,.. [MVicm]

1.2 |
1 Ny, [10%em?]
- —0.2
0.8 —__—06 ]
I _—1.0 ]
i 15 ]
0.6 20
B : ___—25
0.4 _— /______-——" - - 3.0 —_
0.2 B Change during ]
B irradiation ]
oL 1 1 Lo oo b v v by o by oy
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Potential difference [V]

(b) p-spray

Fig. 2.40. The electric field maximum dependence on the potential difference be-
tween the isolating p-layer and the pixel n*-implant for different values of the oxide
charge Nox. The evolution of the electric field during the lifetime of a detector is
indicated by arrows [123]
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Hybrid Pixels / BARE module yield (ATLAS)

~90% produced @ IZM & AMS
- ~ 2x20 modules/week
- rework fraction : 10% - 15%

- rework efficiency:

solder ~100%, indium ~80%
- module reject fraction:
solder ~ 1%, indium ~14%

| Dead channels per module |

300

250

200

150

100

50

0
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0.1%

0 10 20 30 40 50 60 70 80 90 more

\ Baremodule production |

lf B * Delivered ’,-
'E 1000 * Al accepted "
" | + Virgin accepted i
[ | »* o
5 soo- Xy S
5 B r,l j
= I -
- 4
600 — ;£
- ’r e
- i:"x/
400 $5% 7
- g
200— # o
B Y
P L At

1 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1
Y 02/03/04 02/05/04 01/07/04 31/08/04 31/10/04 31/12/04 02/03{/05 02/05/05

Date

total need (3 layers): 1744 + spares
total order @ bump vendors: ~2500
delivered (20.1.2006): ~2200

fully assembled (today): ~2000
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Hybrid Pixels / module quality yield

Ranking levels:
b-layer, layer 1, layer 2

ranking based on:
- inefficient pixel
- sensor quality
- noise performance
- threshold tuning
- rebonding
- BareModule rework

layer2

layerl

b-layer

SSl, 07/20/2006

overall ranking
total: 1225

failed: 120;
10%

layer1: 180;

@ b-layer
O layerl
M| layer2
M failed
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'EFFE).

Making thin Sensors @

= A novel technology to produce detectors with thin active area has been developed and prototyped (L. Andricek)

sensor wafer

; \
1. implant backside 2. bond wafers with 3. thin sensor side 4. process DEPFETs 5. etch backside up
on sensor wafer Si0, in between to desired thick. on top side to oxide/implant

first ‘dummy’ samples: thinned diode structures:
50um silicon with 350pm frame leakage current: <1nA /cm?



Power consumption

Number of R/O channels @ TESLA:

L1 :520x2x8 = 8320
L2-5: (880x2)x(8+12+16+20) = 98560
All: 106880 channels

* R/O Chip: 2mW / channel - 200 W (whole vtx-d)
« Sensor: P ot = 5V X 100 pA = 500pW > 50 W

» Steering: 0.94mW /channelDC, 3.13mW / channel @ 50MHz

L1 :2x3.13 + (3998x0.94) mW= 34W
L2-5: [2*3.13 + (13538x0.94)] x (8+12+16+20) mW = 713W
-2 All: 747 W

Total : 99/W , 1/199 duty cycle : 5W

SSl, 07/20/2006
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