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General overview of Silicon Pixel Detector
The ALICE case:

Chip (ALPIDE)
New Inner Tracking System (ITS2)
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 Silicon Pixel Detectors are solid state detectors
« They are often (always ?) contrasted with Gaseous Detectors,

Multi Wire Proportional Chamber (MWPC) in the past,
today Micro Pattern Gaseous Detector (MPGD) like GEM

These are not the only options for a tracker !

03/11/2020
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Scintillating fibers are also an option
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https://twiki.cern.ch/twiki/pub/LHCb/UpgradeSciFiTracker/SciFi_TDR_ 20131220.pdf
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Semiconductor physics




https://www.chiphistory.org/
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TROISIEME CYCLE DE LA PHYSIQUE EN SUISSE ROMAND DU SEMESTRE D’ HIVER 2006/2007

Quite complete review
with a lot of information
and
CEIEIEES

Silicon Pixel Detectors

P. Riedler

CERN
CH-1211 Geneva 23



What are Silicon Pixel Detectors ?

 Solid state detectors, I.e. compact, thin (< 1 mm)
* made of silicon (so far)
* iIn which a passing charged particle or gamma ray

produces a signal by ionization
(as in a gas but 3.6 eV to create an e-h pair, 30 eV in gases)

* The 2D-matrix allows to record images or complex multi-
particle events.

M M

On-detector circuitry & data processing
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Young technology (1990)
but quite common nowadays

03/11/2020
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Tower Semiconductor CMOS Image Sensor Technolofgy Main Features

(TowerJazz) Pixel Offering Mapping
Pixel Size [um] Process Node Market Technology
15-300 Medical RS
3.6-6 Cinema RS
4-6 — Broadcast GS
3.6-20 Machine Vision GS
>8um Automotive SPAD
>Bum 3D, Gesture, AR/VR TOF
3.8-0 DSLR RS
2.75 110nm Security RS
2.8-10 Machine Vision GS
3.2-6 DSLR, Cinema RS
1.75-3.6 Security RS

65nm

112-175 Consumer / Medical RS
2.5-5 AR/VR, Machine Vision | GS

RS — Rolling Shutter 68 — Global Shutter SPAD — Single Photon Avalanche Diode TOF — Time of Flight

03/11/2020 P. Martinengo, CERN



But:

« Main application is imaging, i.e. detection of photons
« High flux
* Poor time resolution

So we can’t simply browse the catalogue and place the order

03/11/2020 P. Martinengo, CERN 12



Hybrid vs. Monolithic

ALICE

Hybrid Monolithic

NWELL NMOS PMOS
DIODE TRANSISTOR TRANSISTOR

NWELL

200 e

DEEP PWELL

dEs | AMps

Epitaxial Layer P- % : L—---."‘_-

Two different chips, detector + electronic‘:s':h
+ flexible (detector material can be different from Si),

higher resistivity

- extra production step, yield One chip, detector + electronics on the same substrate:
- thicker, more material + thinner, less material (down to 50 um)
+ no constraints on electronics design (but bump) + one production step
+ no issue with back bias, full depletion possible + smaller readout chip (no bump)

(more robust w.r.t. radiation damage) + issue with back bias, full depletion not (yet) possible
+ Mature technology, present in all LHC experiment (more sensitive to radiation damage)

03/11/2020 P. Martinengo, CERN 13



20 um silicon wafer
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Pb-Sn solder bumps: ~25um diameter

Pb-Sn Bump Bond

20kV 1860x 160rm 0264 B2-28-2002
L)
|
L
u

Mag= 6.04 KX L EHT =20.00 kv Store resolution = 1024 * 768 Date :2 Nov 2001 Time :14:08:22
WD= 3mm Detector = InLens VTT Microelectronics Centre

50 um (r¢) x 425 um (z) pixel cell

(29 um x 27 um pixel pitch)

5
L
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A bit of history
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In 1995 the WA97 experiment operated the first pixel telescope
In Pb-PDb collisions (fixed target mode)

WA9T Pb—Pb event 1995

Si Telescope

Beam

153 tracks through the Si Pixel Telescope
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/

//// \\ |
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The WAO97 telescope consisted of 7 planes, 50 mm x 50 mm active area

0.5 x 10° pixels in total

03/11/2020 P. Martinengo, CERN




ITS2 Is based on the ALPIDE chip
(ALice Plxel DEtector)
30 mm x 15 mm, 0.5 x 10° pixels

B S —
30 mm

ITS2 consists of 7 layers, more than 12 Gpixel
10 m? active Si area

03/11/2020 P. Martinengo, CERN 20
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Section A

ELSEVIER Nuclear Instruments and Methods in Physics Research A 465 (2001) 1-26

www.elsevier.nl/locate/nima

Semiconductor micropattern pixel detectors:
a review of the beginnings

Erik H.M. Heijne

CERN. EP Division, CH 1211 Geneva 23, Switzerland

Abstract

The mnovation in monolithic and hybrid semiconductor ‘micropattern’ or ‘reactive’ pixel detectors for
tracking in particle physics was actually to fit logic and pulse processing electronics with pW power on a
pixel area of less than 0.04 mm?>, retaining the characteristics of a traditional nuclear amplifier chain. The ns timing
precision in conjunction with local memory and logic operations allowed event selection at > 10 MHz
rates with unambiguous track reconstruction even at particle multiplicities > 10 cm~>. The noise in a channel was
~ 100e~ rms and enabled binary operation with random noise ‘hits’ at a level <10~®. Rectangular pixels from
75 um x 500 um down to 34 pm x 125 um have been used by different teams. In binary mode a tracking precision
from 6 to 14 um was obtained, and using analog interpolation one came close to 1 um. Earlier work, still
based on charge integrating imaging circuits, provided a starting point. Two systems each with
more than 1 million sensor + readout channels have been built, for WA97-NAS7 and for the Delphi
very forward tracker. The use of 0.5 um and 0.25 pum CMOS and enclosed geometry for the transistors in
thegpiRalz6adout chips resulted in radiation hardness of ~ 2 Mrad, respectively, > 30 Mrad. © 2001 Elsevier Sciérice
B.V. All rights reserved.
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Fig. 7. The analog signals allowed charge inter-
polation, and along the 34 pum direction a tracking
precision with ¢ = 2 um was measured on average.
Further study revealed that an even better preci-
sion could be achieved on a subset of the events, as
shown in Fig. 8. For a small summed pulse height
only few pixels contributed and the interpolation
was less precise, while for the largest pulse heights
there was a delta-electron generated, which caused
charge to be measured further away from the real
track, degrading the precision. Better than 1.5 pm
precision has been determined for the pulse heights
between 0.9 and 1.4 times the peak of the Landau
distribution. The charge distribution in multiple-
hit clusters is a basic feature of pixel detectors, and
requires more attention as the pixel size decreases.
In spite of these promising results, Parker received

03/11/2020

only modest support to continue the exploration
of monolithic detector structures, and as yet no
(proposals for) applications in experiments have
ensued.

Vanstraelen concluded in 1990 [54] that mono-
lithic devices directly on high resistivity silicon, be
it n-type as in his HRCMOS process, or p-type as
in the Stanford process, would always be limited in
circuit flexibility by lack of the complementary
MOS ftransistor in the pixel area (at the periphery

How can we, today, build
a
Gpixel detector based on
monolithic technology?

P. Martinengo, CERN 22



30 mm

15 mm

1.208 mm
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In order to implement full functionality both PMOS and NMOS transistors are needed

The NWELL of a PMOS trans behaves exactly as the NWELL of the collection diode

l.e. the electrons will drift or diffuse towards ALL NWELL in the pixel

The spreading of the already small signal (~1000 e’) over many collection points
makes the detector unusable

03/11/2020 P. Martinengo, CERN 24
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The introduction of a DEEP PWELL was the technological breakthrough
which make possible to overcome this limitation:

the transistors NWELL are now shielded and an unique collection electrode is present

03/11/2020 P. Martinengo, CERN 25



ALPIDE Requirements

Parameter Inner Barrel Outer Barrel
Chip size (mm x mm) 15x 30

Chip thickness (um) 50 100
Spatial resolution (um) 5 10 (5)
Detection efficiency >99%

Fake hit rate

< 10°% evt?! pixel? (ALPIDE << 10°)

Integration time (ps) <30 (<10)

Power density (mW/cm?) <300 (~40) <100 (~30)
TID radiation hardness (krad) 270 10
NIEL radiation hardness (1 MeV n,,/cm?) 1.7 x 1012 1.7 x 1011
Readout rate, Pb-Pb interactions (kHz) 100

Readout rate, pp interactions (kHz) 400

Hit Density, Pb-Pb interactions (cm2) 19 <1

® In color: ALPIDE performance figure where above requirements

03/11/2020
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ALPIDE — Technology and Pixel Layout

CMOS Pixel Sensor using TowerJazz 0.18um CMOS Imaging Process

Reverse bias voltage (-6V < Vgg < 0V) to

NWELL  TRANSISTORS / NWELL substrate (contact from the top) to
[j EVH increase depletion zone around NWELL
GND . .
N~ 1016 cm [ Ny j STl g Ve collection diode

; Small n-well diode (2 um diameter),
Ay L} = LOO times < than pixel, low capacitance (~fF)
Epitaxial Layer P- f;h b :‘;. \

N, ~ 1083 cm3

\High-resistivity (> 1kQ2 cm) p-type
epitaxial layer (25um) on p-type substrate

N, ~ 10%8cm3

full CMOS circuitry within active area:

In-pixel:
« Amplification
 Discrimination
 3-hit storage register (MEB)
 In-matrix sparsification
(only pixel w/ signal above a given threshold are R/O)

G 30 mm e

03/11/2020 P. Martinengo, CERN 27



30 mm

15 mm

Analog DACs

1.208 mr

Regular Pads + Custom Blocks

03/11/2020 P. Martinengo, CERN 28



ALPI D E ArCh ItECtU re (G. Aglieri Rinella)

1024 pixel columns
G D—D D—E D—D AMP comp
A0 U0 - Ol Ol b%@
N %E U%D ‘a3 U%D U%D THR
= Ul Oigl)  Ohgl) Ojgl S
S clg: c1gs clde Gl Inpixel:
CF\" ;VD DgD D;D DﬂgD Amplification
LO ??D D%D .. D%E D%D Dls.crlmmatlon .
&G D&D . D&’E D&D 3 hit storage registers (MEB)
o O D Oy Ol
T T T

| Bias, Readout, Control |

— 29 um x 27 um pixel pitch

— Continuously active front-end

— Global shutter

— Zero-suppressed matrix readout

— Triggered or continuous readout modes

03/11/2020 P. Martinengo, CERN
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PIXGl (G. Aglieri Rinella)

Ciﬂ~1'6 ﬂ:
Input stage VPULSE_* : i Pixel analog Front end Ix Mtgn;vem
| uftrer
Reset Coy | i STROBE
T 230aF ! I ‘ | | 3 STATE
| PIX_IN | OUT_A N
| ! ‘ ouT_D
—— collection | ! Hit Storage
Cyei~2.5fF @ -6 V, diode ! : Latch
! | THR
suB : ! I
PIX_IN OUT_A 510 1§
t~=10ns WA ~2 us peaking time
? ¢ OUT_—I1
AV=Q/ _\/ [\threshold
v t>100 us —J - STROBE |_|

Analog front-end and discriminator continuously active
Non-linear and operating in weak inversion. Ultra-low power: 40 n\W/pixel
The front-end acts as analogue delay line
Test pulse charge injection circuitry
Global threshold for discrimination -> binary pulse OUT_D

Digital pixel circuitry with three hit storage registers (multi event buffer)

Global shutter (STROBE) latches the discriminated hits in next available register In-Pixel masking logic



MatFIX ReadOUt (G. Aglieri Rinella)

0 511
— — —\ r— —— —\
STAYE | STATE STAYE | STATE
512 | 8| 512 512 || 512
o 5;5[5@ REGED( @ §ESEZ‘§ RESED
X[ 512 |W| 519X X| s12 || 514X
o 2 o a 2 o
8 S
a a

LID
LID

T A A

o

| Periphery |
Cloc4‘ Controiis Dat%
+ trigge

The Priority Encoder sequentially provides the addresses of all hit pixels in a double column
Combinatorial digital circuit steered by peripheral sequential circuits during readout of a frame
No free running clock over matrix. No activity if there are no hits

Energy per hit: E, ~= 100 pJ -> ~3 mW for nominal occupancy and readout rate
Buffering and distribution of global signals (STROBE, MEMSEL, PIXEL RESET)

31



ALPIDE performance
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ALPIDE — Detection Efficiency and Fake-Hit Rate

104

N—r —
N e i G 99% -4 . &
o 105 Ll
c 98 | =
&) - 2
b= 6 O
—————————————————————————————————————————————————————————————————————— ? 10 ~
LICJ 96 | Efficiency  Fake-hit Rate @ VBB:—SV = %
o — —— —e— W?7-R10 Non Irradiated - o
- | .
O —a—  —=— W7-R7 Non Irradiated VBB_-SV — 107 =
2 %A —o— —e— W7-R17 TID Irradiated, 206 krad = T
L [ W7-R5 TID Irradiated, 205 krad - b
[a] — 108 %
92— W7-R41 TID Irradiated, 509 krad Eg L
| —— ——  W8-R5 NIEL, 1.7e+13 1MeV n eq / cm —
- W8-R7 NIEL, 1.7e+13 1MeV n,, / cm® —] 10°
90 — =
L ] 10 10
88
» 10 11
86
10 12

100 200 300 400 500
Threshold (e)

Big operational margin with only 10 masked pixels (0.002%), fake-hit rate < 10719 pixel/event
(requirement < 10%)

Chip-to-chip fluctuations negligible
Non-irradiated and NIEL/TID chips show similar performance

Sufficient operational margin after 10x lifetime NIEL dose

03/11/2020 P. Martinengo, CERN



ALPIDE — Resolution and cluster size

Resolution (oam)

03/11/2020

VBB:_SV E

Cluster Size @ VBB:—3V
—e—  W?7-R10 Non Irradiated

—o— —o6—  W?7-R17 TID Irradiated, 206 krad
—8— —8—  W7-R5 TID Irradiated, 205 krad

—A— —aA—  W?7-R38 TID Irradiated, 462 krad
—_— ——  W?7-R41 TID Irradiated, 509 krad
B ——  W8-R5 NIEL, 1.7e+13 1MeV N, / cmz
—— —a&—  W8-R7 NIEL, 1.7e+13 1MeV neq_/ cm

100 200 300 400 500
Threshold (e)

Chip-to-chip fluctuations negligible

Non-irradiated and TID/NIEL chips show similar performance
Resolution of about 5um at a threshold of 200 electrons
Sufficient operational margin even after 10x lifetime NIEL dose

P. Martinengo, CERN
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Detector Barrel Staves

uuuuuuuuuuu

Beam pipe &

The ITS2 is constituted by
- 7 layers; 3(IL), 2 (ML), 2(OL)
- 192 staves; 48 (IL), 54 (ML), 90 (OL)

{ (

Layer # 5

n. of Staves 42
8

03/11/2020 P. Martinengo, CERN
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Stave Layout

A ——————————————— Inner Barrel
Flexible PCB

sensors thinned to 50um

ol

 Cold Plate

sensor side

Sensors
Outer Barrel — thinned to
HaIf-StaviiHa"_swvf \ z 100 Mm

‘ FPC side

03/11/2020 P. Martinengo, CERN 37



Inner Barrel stave

HIC: Hybrid Integrated Circuit

Flexible PCB - FPC

e
STAVE: HIC glued to the IB spaceframe &

e ' ‘ coldplate, such to provide HIC support,

Cold Plate  alignment, and thermal contact to the coldplate

IB STAVE: FPC SIDE

Space Frame
IB STAVE: SF SIDE

AdOpted by SPHENIX & Mﬁiﬂ}engo, CERN
The ALICE Muon Forward Tracker (MFT) is also based on ALPIDE



Inner Barrel Stave Mechanics & Cooling

0.8
Other
0.7 - Water
EEm Carbon
Aluminum
'\-"‘ 06 . Kapton
= . Glue
£ 05 = Silicon
L —— mean = 0.35 %
Coolant: H,0, leak-less £o4
' &
Sensor temperature < 30° C \\ - =
Temperature non-uniformity < 5° C -~ outlet 2
290mm length filet X 0.2
0.1
0.0

W =100 mW / cm? (>x2 nominal), H,O flow rate =3 Lh?!

Azimuthal angle ["]

Tin=15.8" C

—

b N —— T ——————._ ] ATV Pt s OIS OV Al TN NS S st ARG M Ry
Tout=16.6° C Max T periph=18.5
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Material budget

=
L

XiXa [%] for tracks in || <1

=
P

o
=

0.0

Innermost layer

10

Other

Water

Carbon
Aluminum
Kapton

Glue

Silicon

mean = 0.35 %

20 30
Azimuthal angle ["]
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Outer Barrel stave

HIC: Hybrid Integrated Circuit

HALF STAVE
POWER BUS

FPC

P. Martinengo, CERN



Chip series test and Hybrid Integrated Circuit (HIC) assembly

ALICIA (IBS)
6 machines (+1 MFT)

(Chip probe testing & HIC assembly)

ALICIA = ALice Integrated Circuit Inspection and Assembly

P. Martinengo, CERN



Wire Bonding

30 <— solder mask
Pt STRIP. STRIP. STRIP. STRIP DVDD AVDD BIAS AVDD DVDD DS IS IS R €— aluminum (IB) / copper (OB)

PCB conductor

75u Flexible Printed Circuit (FPC) cross section < polyimide aluminum Inner Layers
copper outer layers
25um/18 p
30

<€— aluminum (IB) / copper (OB)
<4— solder mask

Droplets of glue (epoxy resin) dispensed on the FPC chip pads aligned to FPC VIAs

<4— solder mask

SOpni
<— aluminum (IB) / copper (OB)

25.um/18 pn¢

7ou Al bonding < polyimide

wire
25um/18 p;g <— aluminum (IB) / copper (OB)
30ul

<— solder mask

FPC to Chip interconnection (Al wire bonding)
pixel chip pad

(3 wires: redundancy, lower resistance)

03/11/2020 P. Martinengo, CERN 43



Laser Soldering

Laser soldering: connection of Pixel chip to flexible printed circuit

Lase

&L

r oldering machine

Selective laser soldering

2 Layers, Vacuum
deposition
Coverlay
Metal
Polyimide
Metal
Coverlay

Chip

R&D addressed:

* Geometry of the interconnection

+ soldering ball, interface pad and VIA

» laser beam profile and power time
profile

All process main issues were solved

More time needed to bring the process to a
steady single interconnection yield of ~99.99%

Remains a very promising interconnection
technology for future applications

20 pm
25 um
75 pm
25 pm
20 pm
50 pm

03/11/2020 P. Martinengo, CERN
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ALICE IB Stave in NA61 (2016)
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Accepted tracks for efficiency cale, chip 4

Up to 30 hit/cm?

03/11/2020

E 500 — ] Entries T2
- 4 point tracks Veany 4o
w g =0985 +ﬂ.DE_D 34(stat)% AMS 5 10.95
300_—
2000 Vds4 3 Vds4_2
n (not working)
100}
- N A I I el
200 &00 200 qu1u?'nn
vds3 1 Vds3 0
B (low efficiency)
Accepted tracks for efficiency calc, chip 4
é 500 — Entries 9257
- . Mian x 298.3
.. 3point tracks RuSs 1427
B _ 40.04 RMS y 57.63
- £=99.79 0% (stat)%
300 —
200
100
0 | L |
o0 Cﬂl1uuil'n“ri

0.8

0.8

0.7

— 0.6

0.5

0.4

0.3

0.2

0.1

0.9

0.8

0.7

— 0.8

0.5

0.4

0.3

0.2

0.1

0

a.u.

(M. Sulji¢)

Hit multiplicity

70 — Efficent events

— Discarded events

60

50

40
30

20
101

TR 1T
:.

Lo 1o | Y i
0 20 40 60 80 100 120 140 160 180
# of clusters in event

Events with no efficent tracks
have much lower hit multiplicity
— consistent with off-time events

Cuts introduce a systematic
uncertainty (to be evaluated)

Overall detection efficiency
> 99%
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Half Inner Barrel

Vi




Cosmics tracks reconstructed in the Inner Barrel

first cosmic in inner-most half—layerl

(pointing from L to Al

—.'_*._~

/?:_a-
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Outer Barrel Assembly
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CONCLUSIONS

Silicon Pixel detector is a mature technology

Present in (almost) all HEP experiments

Silicon contribution to material budget already negligible
Next: services & mechanics

R&D for new generation started, including radiation hardness
Smarter pixels but area shrink but also transistors, 3D ?
Don’t forget interconnections !

PR

" Inner Barrel Half Barrel ™

h-r—r‘

03/11/2020 P. Martinengo, CERN
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Performance of new ITS (MC simulations)

i
ALICE
Impact parameter resolution Tracking efficiency (ITS standalone)
Pointing Resolution Tracking efficiency
~400—— i —~
é 3 '-‘ ALICE o\o 100 B e R AR 2% A
~350F ". ---4--- CurrentITS, Z (Pb-Pb data, 2011) |.. ~ -~ T
g : N e Upgraded ITS, Z 3 L / K ’
g 300F . —e— Current ITS, rj (Pb-Pb data, 2011) | _ % 80 ; 4
5 N Upgraded ITS, rj P i !
2 v S|
%250 : !‘-l E 60 I . ALICE
c B - 3 EE I Current ITS
_E 200 : l.. :' Upgraded ITS
'053 150 \\ . "‘._-‘ 40 :'i IB: XIX,= 0.3%; OB: XIX = 0.8% |
E \x \1 :l.m-.._.__.. - I
100F K \ 20
r il X \\ L
50: SHiH| eV i i
r % e QL
0 — 10" 1 10
10" 1 10
p. (GeVic) P, (GeVic)
~40 ym at p; = 500 MeV/c ~70% at p; = 100 MeV/c

P. Martinengo, CERN



Outer Barrel Stave Mechanics & Cooling

ALICE ITS Upgrade

D
ALICE

S i';’,“@;l"‘;y‘\;/‘\y S p ace F rame

()

N ANz
......... AN
- "‘--~4..‘_“'&«

~1500mm length
~ 80gram weight

30,4 mm Carbon fleece (20um)
/_Carbon paper (30um)

m //_Cooh'n(; Pipes (ID= 2.05 mm) -
: '//_Carbonﬂeece (20um) 4
S’ ‘//_Cm’bon Prepreq k13D2U (120um)

./ Carbon fleece (20um)
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Outer Detector Barrel

ALICE ITS Upgrade

ALICE

Service
Barrel

Conical
Outer Detector
Structural
Half Barrel
Shell

P. Martinengo, CERN



N
ALICE

SOLENOID
(warm, B=0.5T)

DIPOLE
(warm, B=0.7 T, 3Tm)

|
- .I'l'” 8 !

BARREL
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ITS dE/dx (keV/300pum)

38 35 8 38

TRD dE/dx + TR (arb. units)

g

g

Excellent tracking, vertexing and PID capabi
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ACORDE | ALICE Cosmic Rays Detector
AD | ALICE Diffractive Detector

DCal | Di-jet Calonmeter

X

ALICE

EMCal | Electromagnetic Calorimeter

HMPID | High Momentum Particle
Identification Detector

ITS-IB | Inner Tracking System - Inner Barrel
ITS-OB | Inner Tracking System - Outer Barrel

MCH | Muon Tracking Chambers
MFT | Muon Forward Tracker

MID | Muon Identifier

PHOS / CPV | Photon Spectrometer
TOF | Time Of Flight

TO+A | Tzero + A

TO+C | Tzero + €

TPC | Time Projection Chamber

TRD | Transition Radiation Detector
VO+ | Vzero + Detector

ZDC | zero Degree Calorimeter
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From ITS to ITS2
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ITS took a well deserved retirement last year
Now in the ALICE exposition at P2
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ALICE

ALICE ITS Upgrade

IB Detector Barrel

ITS IB End Wheels & CYSS

The Detector Barrels mechanics, that supports in position the staves is in production at CERN.

Production completion of EW and CYSS within September @

n. END WHEEL carbon parts produced to date ~ 3x EWO0, 3x EW1, 3x EW2 )

n. END WHEEL carbon assembly produced to date  1x EWO, 1x EW2, 1x EW2

n. END WHEEL with ruby pads produced to date  start EW1 end production (EWO0, EW1, EW2) foreseen Sept
n. CYSS produced to date  mould product end production foreseen Sept

Ruby pads glung process g0 wWhoe! Aside
End Whesi Cside
Neaster stase
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