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* Introduction
- \\s*ﬁThe way to the High Luminosity (HL)- L» -
“ _fThe new Inner T,racker (ITk) of ATLAS at HL-LHC
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The way to High Luminosity irAs ;

d’Altes Energies

Energy:
8 TeV < 13-14 TeV
Luminosity:
1034 LS:I. < > 1034 Cm-zs-l LSZ & 2.5x1034 cm2s! LS3 €5X1034 cm2st

>
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

5

Higgs discovery!!
Quark-gluon plasma Marginal statistical gain in running

Constrains on SUSY the accelerator
Need a considerable luminosity
increase (collisions per time)

 Measure the Standard Model scalar boson properties
e Search for New Physics at higher mass scale

LT0T/L0/6T “Jeulwss ezzid - (euo|adieg ‘Jvd|) 0zJ9] OURJDIS




- e irms ¢
The way to High Luminosity et erote
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Energy:

8 TeV < 13-14 TeV
Luminosity:

1034 LS1 B > 1034 cm2s°1 S LS2 < 2.5x10% cm'zs <.5x10* cm?s!

“TH “TH T TH T TH T E TE ol TE T

HL-LHC

“Phase II”: full inner detector
replacement (5 pixel layers)

Insertable B-Layer (IBL): forth pixel
layer at 3.2 cm from the beam line

[ ]
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HL-LHC

* LHC:
19 Pile-up events e 140-200 Pile-up events

=>»High particle multiplicity

=» Critical radiation damage




The ITk upgrade for HL-LHC
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Replace the whole ATLAS Inner Detector with a new full-silicon Inner Tracker (ITk)
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STEP1 Layout concept: Extended 4.0
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* New layout with 5 pixel barrel layers & large n coverage

* Sensor technologies under investigation:
Outer pixel layers (large area to cover)

HR/HV-CMOS pixel detectors
n-in-p planar silicon sensors (150 pum thick)

Inner pixel layers

Thin n-in-p planar silicon sensors (100 pum thick)
3D silicon sensors (baseline for the innermost layer)

1 MeV n,, fluence [particles / crm’]

50 100 150 200 250 300 350 400

z [cm]

From 1lel5 n,cm™...

2duUan|j uopeipey

...up to 1.7e16 n,cm
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The IFAE pixel group activities e @)
Hybrid

3D PIXELS

CMOS
monolithic pixel
detectors
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LGAD detectors
for precise timing

Already in IBL and AFP!!
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Hybrid vs. Monolithic e @

Readout chip . e

ump-bon w
Sl
3
o
\ Silicon / N
sensor =
Hybrid detector Monolithic detector I
e Sensor + chip  Allin one piece §
PRO: PRO: o
* Sensor and chip can be optimized  Commercial technology 3
separately * No interconnection costs o
=>» radiation hardness =>» cost effective!! N
=> high rate capability (MHz/mm2) * Low material budget §
« Complex signal processing already => low multiple scattering >
in the pixel cell =
CON: CON: ¢
« Relatively large material budget * Functionalities limited by the size of S
=» multiple scattering pixel and dead area at the periphery %

* Complex production and assembly * Signal obtained by diffusion

=> expensive!! = slow!!
=» not radiation hard!!

Vi




Hybrid vs Monolithic e @)

Readout chip

QOO @ @ «— oo
il
\ Silicon /

sensor

Monolithic detector

How to overcome these limitations in the

present CMOS technology? ~alagy, no
* Smaller and more radiation hard electronics

e CMOS process can go down to 150 nm and less
* Depleted Monolithic Active Pixels Sensors (DMAPS)

* High voltage /
* High resistivity d o pV

* Relatively large materia glities limited by the size of
=» multiple scattering pixel and dead area at the periphery
* Complex production and assembly ignal obtained by diffusion

=> expensive!! slow!!
=» not radiation hard!!
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DMAPS
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=0 ?

Monolithic

Everything in just
one piece of
silicon

l

Small material
budget

|

Cost effective

electronics

sensor
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Depleted Monolithic
Signal is produced | | Everything in just g
by charge drift in a one piece of =
small depleted silicon E
region l =
I p
Larger and faster Small material 3
signal budget =
v l
More Cost effective §
radiation hard =
5
S
S
<

About 30 um



DMAPS
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Depleted Monolithic Active

Signal is produced

Everything in just

Amplification

by charge drift in a one piece of stage on pixel
small depleted silicon
region l J
v
Larger and faster Small material Low noise
signal budget l
v \lr Can deal with
More Cost effective small signals

radiation hard
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DMAPS
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Depleted Monolithic Active Pixel Sensors

Signal is produced | | Everything in just || Amplification Precise 2D
by charge drift in a one piece of stage on pixel information
small depleted silicon without
region l l ambiguities
v v
Larger and faster Small material Low noise High granularity
signal budget l
l v
v Can deal with Can deal with
More Cost effective small signals large particle

radiation hard

multiplicity
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The H35 Demonstrator "q &

AMS 350 nm High Voltage CMOS w. different p: 20-80-200-1000 Qcm

Flavour 1 Flavour 2 Flavour 3

* Monolithic CMOS matrix:
* Analog pixels with off-pixel CMOS
comparator

Standalone ‘IJMOS matrix

left Flawura  right
EEE EEE EEEE _EEEEEE

<< 19.56 mm
4 EEEE EEBR HEEEN EEEEEN ) ] ) %
- * Monolithic nMOS matrix: oy
E Standalone ‘:IMOS matrix d Dlgltal pixels with in-piXEI nMOS %
n ; comparator N
™ Flavour 5 g Flavour 6 o
- : : * Two flavors: with and without Time Walk E
- : E compensation m
. Analog matrix 51
E E Flavour 1 E Flavour 2 E Flavour 3 ° Analog matrlces (2 arrays) %
4 *  To be used as hybrid modules with ATLAS | =~
E Analog matrix chips
u ' '
n g :
[ ]
|
[ ]
[ |
]
[ ]
[ ]
]
[ ]
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Designed by KIT, IFAE and Univ. of Liverpool

+ test structures without electronics
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The H35 Demonstrator iFAE) 0
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AMS 350 nm High Voltage CMOS w. different p: 20-80-200-1000 Qcm

<< 19.56 mm >
4 EEEE EHER HEEEN EEEEER
- * Monolithic nMQOS matrix:
Standalone |§|M()s matrix * Digital pixels with in-pixel nMOS
A : I comparator

Large collaboration

. b
UNIVERSITE =
DE GENEVE A\‘(IT = FA& I; u

FACULTE DES SCIENCES Karlsruher Institut fiir Technologie - . &8 W s O ATIONAL LABORATORY
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UNIVERSITAT

g onoos o BROOKHEMEN
A

UNIVERSITAT

DOKONET % LIVERPOOL NATIONAL LABORATORY gg—gmjf.k‘;;_L»._klgv_[f }

SEIT 1386

|
s : _ * Analog pixels with off-pixel CMOS
. Standalone CMOS matrix comparator
- left Flawur4  right
v/ /EEEE EEN HEEEN EEEEEN
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Designed by KIT, IFAE and Univ. of Liverpool

+ test structures without electronics
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The H35 pixel structure el
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SP - - SP

DP DPTUB DP

DNTUB DNTUB } DNTUB

p-substrate 0.35 ym HV-CMOS

* Pixel size is the same as the present ATLAS sensor in IBL:
e 50x250 pm?
* Electronics inside the n-well used as collecting electrode

*  p-substrate + 3 separate deep n-wells* to reduce the capacitance

=>» Less noise, better timing - power consumption
=» Dimensions depend on the in-pixel functionalities

e Bias voltage applied from the top

* Single side processing
=» Cheaper
=» Non-uniform electric field

all matrices but monolithic nMOS
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* Investigation of passive test structures with infra-red laser

Bias to Sensor Edge &=
substrate Polished edge
Signals “~ : Optics
to DRS
PCB holder
Laser fiber
X stage AR

Investigation of the charge collection properties of the
silicon sensor (without electronics)
Charge Map Qllep Charge Map

Entries 22196
Meanx 1304
Meany 4303 -
Std Devx 5852

A team of young researchers
working on it!!

QM
Entries 22196
Meanx 1185
Meany 4584
sDevy 7021 "
StdDevy 2066
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The readout system e @
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Communication with configuration register

e 5
l' ; %

L I T
{ 5
LI o
L__l!_ ] L i) QE'?
H35Demo FPGA Control PC 3
e Communication * FPGA actsa e Software with Graphical §
protocol not communications bridge User Interface (GUI) &
compatible with PC  Communicate with the e Send commands and S
ports H35Demo receive data from the §
FPGA h
12
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People involved e @

PCB design Assembly Software o

& & & o}

Chip design FPGA programming Wire-bond Charcterization i
lvan Peric (KIT)  Carles Puigdengoles Jorge Garcia Rodriguez Emanuele Cavallaro | 3
Raimon Casanova Eric Peregrina Fabian Forster 2
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PCBs, firmware and software fully developed at IFAE




Monolithic matrix readout at IFAE
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Trigger board
* Triggerin

* Busyout

* RIJ45

FPGA board
 Xilinx ZC706

H35demo chip

Both CMOS and nMOS
matrices wire-bonded

Adapter PCBs

* 1xH35PCB

* 1xtestsignals

* 1xtrigger board

H35demo PCB

Voltage regulators
Sensor bias input
Injection pulse input
Analog signal output

Same base setup also used for

Medipix3 (RIS3CAT) and
HV-CMOS LF (Photon counting + ATLAS)

External
* Pulse generator
*  Power supplies
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100 150 200 300
Column

: ?
Operations and tests e @

Test pulse injection

Test of the functionalities and tuning of the pixel thresholds

SCurve Pixel 23 6
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Test beam setup |
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UinGe FE-14 Telescope

N ATLAS pixel C00lINg DOX  ATLAS pixel

IFAE readout system detectors

The particle trajectory is
reconstructed with 6 tracking
planes made of present ATLAS

pixel detector

detectors

Proton beam

trigger
Trigger op ’
readout
busy

—
Trigger 1

data...
Trigger 2
data...

[..]

-
Trigger 1

data...
Trigger 2
data...

[..]
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Test beam setup |

Stefano Terzo (IFAE, Barcelona) - Pizza Seminar, 19/07/2017
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t efficiency results
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Hit row

Hit row

f||+ 1

I IIIII IIII I
IIIIII II|II |

II’II Ih | 1

L1 AL —I-hhlh-llil N W1

800
700
600
500
400

16 = I L LU L T | 099 Z
14 == I A I 11l 0.98 :
12 By . I . 097 2 # of tracks reconstructed
= | R
sE- Efficiency map /' 0%
2 = ! I I 0.93
s el TR B A AT N B
0 0 5I0 I(I)O 15IO 2(I)0 25IO ) 300
Hit column
: oL L f
Before irradiation —100- o o o o e o
* Uniform efficiency % 902_
* Forp=80Qcm E’ . °
+ Efficiency > 99% @ 80 ° Resistiviy:
e forV,, 250V - e
i ias - — p=20Qcm
Forp—‘ZQ Qcm 0 70:— — p=80Qocm
. Efﬁuer?cy reach 99% at 160 V s — 5=200 Qcm
« Depletion depth too low up to 60
100V -
50'.|...|...|...|...|...|...|...|...
40 60 80 100 120 140 160 180 200

900 T

Efficiency

# of hits in the H35

blas

[V]
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Irradiated detectors
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AED 9

e

The chip are then irradiated with
neutrons in the TRIGA reactor in
Ljubljana

\//

After irradiation the
functionality of the chip is

checked in the laboratory

\V

...and it is again measured
at the beam test

After irradiation to 5e14 n ,cm™
* Forp=200Qcm
* Efficiency > 90%
* forVbias>280V

Efficiency [%]

70

60

50+

:— ° [ ° ° °

E_ ° ° * o o

Z_ Qs;& Fluence:

s o [(1MeV) n/cm?]

- q? e E3-510"

- Q” E5-510™

:_ @® Before irradiation

I I R UI FU I NTR U MR I R R
40 60 80 100 120 140 160 180 200

[V]

b1as
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Conclusions & outlook e -

e

 New readout system developed at IFAE to operate the monolithic

part of the H35Demo chip
* Used at IFAE for CMOS and RIS3CAT, and adopted by University of Bern
* Base system adaptable to test the future chip generations

* First characterization of monolithic device for ATLAS
* Full efficiency measured before irradiation at test beam

* First result of irradiated modules are promising considered the limitations of this
first monolithic prototype chip (continuous readout, no masking of noisy pixels, ...)

e What's next:

e Full characterization of the H35Demo prototype after neutron and proton
irradiations ongoing (next test beam in September/October)

* New prototypes with more complex readout system are being designed and
produced with the aim of develop a chip which fully meet the ATLAS specification
(radiation hardness, timing, power consumption, ...)

It is not clear if ATLAS will adopt Depleted-CMOS for 5th pixel layer,
But right now is an option that is being fully investigated

- (euo|a24eg ‘3y4|) 0z49] oueyal1s
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Questions?
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Timee!
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HV-CMOS Depleted MAPS
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Two different philosophies:

Charge signal
Electronics (full CMOS)

p-well

Deep n-well

p-substrate

Electronics inside the n-well

Large fill factor:
PRO:
* Uniform electric field
e Short charge drift
=>» Radiation hardness!!

CON:

* Large sensor capacitance (~100 fF)
=>» More noise
=>» Power and speed??

Charge signal

Electronics (full CMOS)

nw

deep p-well

p-substrate

Electronics outside the n-well
Small fill factor:
PRO:

Very small capacitance (~5 fF)
=>» Low noise
=>» Low power, high speed!!

CON:

Low electric field regions
Long drift distance
=» Radiation hardness??

- (euo|ad4eg ‘Jy4|) 0zJa] ouea1s
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Readout and trigger

Mean FPGA time stamp A
e 14 | | 1 130 :{i r?
12 I I | w |@RE <
10 : : : w|®
8 l II l l 100 g'.
6 | ) I =
4 ' "l ! ' s
2 l _v‘ | ' ' S'
0 R . L By 3
" 100 150 200 ! 230
v v v v v 2
Col: 3 110 151 154 255 v
| JL )
Y Y
<

FPGA
1 0O 1 0

320 MHzchipclock [ | | L L |

* Column drain architecture with priority encoding (same as ATLAS FE-I3 chip)
e Limitations of the H35 demonstrator chip
* Un-triggered readout = trigger logic implemented in the FPGA ]_

* No zero suppression = also performed at the FPGA level time (>1 ps)

Long readout

- (euo|o24eg ‘qyv4|) 0z49] oue}als
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Synchronization and alignment

IEN I;

AW TS
Institut de Fisica
d’Altes Energies

N

©
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e

e Correlations between the hits in the H35 CMOS matrix and a telescope plane show the

successful synchronization of the data

h Corr Sens 0 - H35, Row vs Col
Entries 509189 —_ _ corrY_X_0
. | Meanx 151.1 E 800 5 s 2i7 T Enties 494170
© | Meany 89.16 9 : | Mean x 103
300 ¢ “| RMS x 52.11| 60 2 el 1377
-~ RMSy 39.06 8 250 68.22
. g 7o)

250 - S ' 50 8 6583
[ 200 60
200 : 40 50

150
150 § 30 40
100 30

100 20

: 20

50
10 10
0 50 100 200 250 300 0 % 50 100 150 200 250 300 : 0

FEI4 Row [50 pm]

* Consistent residual shape and width after alignment and tracking with Judith

DUTPlane0Y
DUT Plane0 Y Entries 339009 | DUT Plane0 X DUTPlane0X
L S S S N B S B B N B B T T T T | Mean 0.495 Entries 339099
4000 |— RMS 44.78 Fror o T ' Mean 7445
= i = 4500 — . = -
w500~ 20 UM pitch E - 250 pum pitch E
- ] 4000 - E
3000 ] =
2500 Ta!ls due tp the: large E
2000 i_ mteg_rat'lon fime _i
1500 - , 0= =
1000 — 4 15005 E
= - 1000 — —
500 — = =
= = 500 —
0 i L P T PRI B [ L = P I S R N IR N I P I -
-150 -100 -50 0 50 100 150 -600 -400 -200 0 200 400 600

Track cluster difference Y [um]

Track cluster difference X [um]
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H35 — matrix IVs "ﬁ::gﬁ;.;:g: ®
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W1: 20 Qcm, W7: 80-100 Qcm, W13: 200-300 Qcm, W19: 1k-2k Qcm

Or— 5 P

WMWWWMWWW@WWWsww@wwwwwwwe .
@é‘wwvw"‘# " : ! S 5 >8<?<><x

=50

—100

X

Leakage Current (nA)

—150

P A W VO NN N N N
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5 ; 3 5 + Wl Ol lstMatnx _Chip
H X W7-01_1stMatrix_Chip
ASOUSSUSSRUCNNUN SUSSIUUIOUSUIN SUSUINI SU—— | W13-01_1stMatrix_Chip
P+ i 5 i X W19-01_1stMatrix_Chip

I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 |

=200

_II|IIII|IIII||III|IIII

+ : Umversmf de. Genﬂve

-180 -160 -140 -120 -100 -80 -60  —40 =20

Bias Voltage (V)

0
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Power vs. rise time ol o
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110p

100p

90

80p ~

70p ~

60p

Power consumption per pixel (W) g
- (euo|a24eg ‘3y4|) 0z49] oueyal1s

50p —

40p T T T T T T T v T T T T
30n 40n 50n 60n 70n 80n 90n

Rise time in SFOut (s)

e Simulation of the power consumption as a function of the rise time for analog
pixels with high gain

* For low gain pixels (-p-tub +extra capacitor) the rise time can go down to 20 ns
with aggressive settings
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