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Hiroshima:
1993, 1995, 2000, 2004,
2009, 2013, 2019

“Hiroshima” sympo around the Pacific rim, every 2-3 yrs, alternating
Hiroshima and outside, in tradition...
SOIPIX — 2" of the workshopY_ Unno, Introduction, 2017/12/11



@i

¥ [ g o TotOTE S




HLWARZANVDKE

20124E9H3H LR 7 v 77 LBk

New Style Graduate Umversntv
Ingu@yral PhD class h;ug}w 3,2012 ) = s
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Mix of different ) Five year integrated
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05 - WFEE
FRCHFH
Education and research
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OIST

OIST S.C. Academic & Research Fields
-Interdisciplinary studies-

Five Mgjor Areas of :
Neuroscience
Molecular, Cellular, and D evelopmental Biology
Mathematical and Computational Sciences
Environmental and Ecological Sciences
Physics and Chemistry

Collaboration Diagram

Neuroscience

Environmental and

Physics &
Ecological Science

Chemistry

P&C (15)

MCS (6)

Mathematical & Molecular, Cellular &
Computational Science Developmental Biology

(The number of units are shown in parentheses)
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Theprimary goal of the "HiroshimaSymposium, held every two years since 19930
bring experts in design, processing, and applications of semiconductor tracking
detectors together for discussions of experiences, lessons learned, and new ideas
which are still in the early stage dévelopment. Around 200 participants in 2018
edition

Simulations ASICs

Technologies L
Large scale applications

Pixel sensors for trackin
Y Applications in astrophysics

Pixel sensors for imagin
ging Applications in biology, medicine, medical

equipments
Strip sensors

New ideas and future applications
Radiation damage and radiation tolerant materials

HSTD11 Conference report i RAL, January 2018



m CMOS detectors

M Si not CMOS
(Strip/Pixels HR)

W Others (LGAD, 3D.
CdZnTe...)

A CMOS detectors substantially contributing to the total talks at
HSTD11

HSTD11 Conference report | RAL, January 2018



Silicon(not CMOS)

Status Reports from:
Hamamatsu
Infineon



History of Hamamatsu Si wafer size /32
m Production term

®1.5inch 1972~1985
®2inch 1975~1986
®3inch 1983~1996
®4inch 1987~2008
®6inch 1998~

®8inch developing

(1.5inch) (Zinch) (3inch) (4inch) (Ginch) (8inch)

; . Copyright © Hamamatsu Photonics K. K. All Rights Reserved.
Shintaro Kamada / 2017/12/10-15 HSTD11 @ Okinawa, Japan



6inch-PAD detector 8inch-PAD detector
- 12 Polygon shape chip - Hexagonal shape chip
- 109 x Hexagonal PADs + a - 217 x Hexagonal PADs + a

5 5 Copyright © Hamamatsu Photonics K.K. All Rights Reserved
Shintaro Kamada / 2017/12/10-15 HSTD11 @ Okinawa, Japan




oooooooooooooooooooo

Development of 8inch-PAD detector .

B Our 1st Proto-type
(target for CMS-HGCAL HL-LHC)

Test
. . structures
— Size : 8 inch main sensor ////’Teg\
—Type : N+inp S N\

ST SO
Ao f?jﬁ i fﬁ?ﬁ\ 5
/s 11111 llllil\

(P-substrate and N-PAD)
—Thickness : 3types
-Active 300um, Physical 300pm
*Active 200pm, Physical 200pm
*Active 120pum, Physical 300pm

—Size of PAD :~1cm2 Yo X
—Number of Hexagonal PAD : 217ch/\(i

A\ Y

A )
\ NG Y
NG N
\

miniature =
diode ~ 8inch wafer

5 5 Copyright © Hamamatsu Photonics K.K. All Rights Reserved
Shintaro Kamada / 2017/12/10-15 HSTD11 @ Okinawa, Japan



Result-3
C-V curve of Mini Diode

GR
B We measured CV curve of Mini Diode

and estimated the full depletion voltage.

CV curve of Mini Dlode
100
—300umt
—200umt
. —120umt
= 40 Full depletion voltage
300um type : ~280V
200pm type : ~130V
120pm type : ~ 30V
1
0 100 200 300 400
Vr (V)

. : Copyright © Hamamatsu Photonics K K. All Rights Reserved
Shintaro Kamada / 2017/12/10-15 HSTD11 @ Okinawa, Japan



Future prospect of ——
8inch wafer production

ODC-type : PAD-detector, PIXEL
Development stage ~2019
=will be available 2020~

OAC-type : AC coupled SSD

Development stage 2020~2022
will be available 2023~

Shintaro Kamada / 2017/12/10-15 HSTD11 @ Okinawa, Japan



Collaboration HEPHY-Infineon Technologies

» HEPHY Vienna and Infineon Technologies cooperate since 2009
on the development of Si-sensors for HL-LHC-experiments

» Responsibilities

- HEPHY: Layout-design, characterization, test-beams,
irradiations, device-simulations

— Infineon: Process-engineering, processing,
establish series testing at Infineon

» Focus

— Single sided planar AC-coupled n-in-p Si-strip sensors for
Trackers of ATLAS + CMS Phase II Upgrades in 6”-technology
Active thicknesses: 300/320 um and 240 um

— Single sided planar DC-coupled n-in-p Si-pad sensors for HGC
of CMS Phase II Upgrade in 8”-technology, 300, 200, 120 um

» Following measurements were done by HEPHY/Vienna if not
stated otherwise

Johannes Hacker



Achievements Overview

o e e

Chipsize [cm?2]
main sensor

p-in-n FZ AC-Strip 10 x 7
8“ n-in-p FZ AC-Strip 15x 10
8 n-in-pFZ DC-Pad L e
hexagonal
6" n-in-p FZ AC-Strip bx 10
2012 2015 2016

2017-12-11

Johannes Hacker, Infineon Technologies AG

Copyright @ Infineon Technologies AG 2017. All rights reserved.

( Iﬁﬁneon

Thickness [pm]
physical = active

200, 300
200, 300

140, 200, 300, 350

240, 500

2017




AC-coupled Strip-Sensors on 8” Wafers
Beam-Test: Charge collection efficiency

(infineon

» Electron beam test conducted at DESY ot AN
using a ALiBaVa Readout System Baby.module

Irradiated sensor with neutrons 3.5-1014 N, CcmM-2 @ TRIGA/JSI

1.0+
091 CCEat500V=0.85

0.8 « °
0.7
0.6+
0.5
0.4,

0__ 4
i

0214 : ' : ' ;
100 200 300 400 500 600 700

Voltage (V)

CCE

Figure 9.19.: Charge collection efficiency vs. bias voltage of the neutron irradiated sensor.

» Summary Beam-Test-Results: Sensors perform very well

2017-12-11 Copyright @ Infineon Technologies AG 2017. All rights reserved. m

Johannes Hacker, Infineon Technologies AG



Infineon

CMS High Granularity Calorimeter
8" planar n-in-p technology

i

lo backplane

> World's first 8"-HGC-wafers were
produced and characterized "

S

0 (GND)

Current: 13 nA to 200+ nA (BD)
40 pm 20 ym Iso

| [nA]

» High voltage-stability needs i.:::o:o:a:‘:f:::: 2
to be improved ap.:.:‘:‘:‘:.:‘o‘” o

»  New processing-concept is 80 pm "~ 60 um

Values for U = .100.0

currently in processing Currentat-100V  IFX_8in_237_15

2017-12-11 Copyright @ Infineon Technologies AG 2017. All rights reserved. m

Johannes Hacker, Infineon Technologies AG



(Infineon
CMS-Tracker PS-Sensors 2017

> New design with CMS-Tracker ,,PS™-Sensor 5 cm x 10 cm

» 500 um active~phyiscal thickness by intention for development

1E-3
Full Depletion-Voltage 670 V
100 E-6 Sensor PS,///

/ Diodel m 1
10 E-6

< / / Sensor 2SBaby-2 Diode _.____:
E 1E-6 Round I
E I B e e .
5 W SEnsm‘ 2588'3\#1 i"ll:-
“ 100 £-9 ne
mm’ ? Diode-1
10 E-9 | _ 35 P Dipde;d |
r;“)w ~20 mm"— DiodeRound-1
1E-9
Le=] o = s
Measured by Infineon = o)

Voltage [V]
» Smaller Sensor & Diodes stable up to more than 1500 V
» Larger Sensors: HV-stability-improvement is ongoing

2017-12-11 Copyright ® Infineon Technologies AG 2017. All rights reserved. m

Johannes Hacker, Infineon Technologies AG



Making Silicon Sensors fit for Series Production

y . <ps . ..
"ﬁ\’/ Process Quality Control for Large-Scale Silicon Sensor Productions OAW
//,‘,H.EP.':'Y;. V. Hinger*, T. Bergauer, D. Bléch, M. Dragicevic, J. Grossmann, A. Konig, E. Pree S

Sets of flutes distributed

Manual probing Probe card s over the entire wafer




CMOS

Status Reports from:
TJ 180nm
LFoundryl50nm



Science & Technology
7 Facilities Council

CMOS MAPS in HEP

- Characteristics of ideal HEP detector:

- Low power consumption

- Back thinning

- Single sided processing/large area stitching
- Full depletion for radiation hardness

- Speed/timing resolution ~ ns

- Fast RO ~

- Good S/N

A Some of the ideal characteristics required by HEP detectors are inherent features of CMOS
MAPS

A However, other requirements are difficult to achieve at the same time: currently a single
solution that satisfies all the requirements above does not exist

HSTD11 Conference report i RAL, January 2018
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MAPS is an acronym for Monolithic Active Pixel Sensors

* CMOS active pixel sensors has sensor part and readout circuitry in one chip

Hybrid detector CMOS active pixel sensor

\ N INMOS

CEGADE, A A = : p-well
‘ é ; ?:-‘.' N _ lnwes
x / o *

dwcrr | _=SeNsOr  Sensor & readout ;

e
| o~ p- substrate

et pre—n Y e ——
- particle track

No need for fine pitch bump bonding between sensor and readout circuitry.

—> Easier to produce
-> Potentially cheaper production of pixel modules

HSTD11 Conference report i RAL, January 2018
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CMOS MAPS in HEP

-~ NN guard reg

ATLAS Pixel Module

The SCT Modules

Mounting Pot

« Sensor Setup 1* Serwor (Front)
« 768 p-strips on n-type silicon
« Pitch: 80 um (B), 57-94 um (EC)

7™ Sevaor (Front

* 285 um thick LB

« 2 single-sided sensors glued back-to-back e

« Sterec angle of 40 mrad [

« 83 % Hamamatsu,17%CiS - Bosebonard |
« Sensor Length Srareo Angie (Sesi T 430mm ¢

« 13em(B), 6-12em (EC)
* Resolution
« =~17 pm(ro, bending plane), ~580 um (2)
« Baseboard
* Mechanical & thermal structure
« Thermal Pyrolitic Graphite
* Readout
* Radiation-hard front-end readout chips
(ABCD3TA)
« 6 chips/side, 128 channels/chip
« 48 modules served by 1 ROD
* 11(12) RODs send data to 1 ATLAS ROS
« TIM provides trigger signal & clock

Connector ‘

Silicon sensor

Hybrid solution in current
ATLAS detector: RO and
sensors on separate elements
The expensive Si sensors
fabricated on a HR substrate

768 Strp Sensors

HSTD11 Conference report i RAL, January 2018
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CMOS MAPS in HEP

HG 3-' LA I LN B I LN B I LA I LA B I LI L I L B | | LI | LA B | LI l-
a3 - ATLAS B services .
L | 0 ,
© 2.5 Simulation EJTRT —
c - [ sct ]
[1)] .
= - I Pixel ]
9 2 [ ] Beam-pipe —
__r';:j E .,':'::'-,_. ---- Extra material E
cc 1.5 —
1= =
0.5k 3

Power consumption in ATLAS detector ~50kW

Current Si tracker waste around 50% of power in cables !

Reducing services is beneficial in material budget reduction, to avoid tracking resolution due to
multiple scattering Reducing / optimizing power distribution is mandatory in HL LHC

Target around <1.5 X0

- Low power consumptionsome CMOS MAPS architectures constrhe 10 mW/cmz2. In comparison,
at LHC,silicotracker around 20mW/cm2 and pixel detectors 1 mm@d&m2
- Analog power consumption P ~ ((S/N)/(Q/C))m, m=[2,4]: low capacitance of MAPS could help reduce
power consumption
HSTD11 Conference report i RAL, January 2018
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CMOS MAPS & HEP

ALICE-LHC STAR at RICH

ATLAS HU ATLAS
LHC

TIDMrad] 108 80 0.4 0.7
Fluencégn,, cm?] 1016 1015 1012 1013
P.RatfkHz mn? 10 108 2.5M102 15
Timing[ns] 25 25 350 29104

CMOS MAPS detectors solutions already implemented in HEP
Further improvements needed for widespread HEP use

HSTD11 Conference report i RAL, January 2018
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MONOLITHIC PIXEL DEVELOPMENT FOR ATLAS }ATLAS

EXPERIMEN
; u
BROOKHIVEN a Irfu- cea saciay \
. — NATIONAL LABORATORY » Irsttat o nucrerche \
universitatbonn e et ey o

SITY OF CALIFORNIA

Umver%ltv . UNIVERSITE A
SHN]H LH”Z OIG asgow | 5 DEGENEVE g pm gy 2=
FACULTE DES SCIENCES .rh: :&
.:. Institut
aE RYAM e "Jozef Stefa BERGISCHE NIVEASIFY OF
..Y‘llk Um\'“‘blt) . ® | jubljana, Sl:vomja UNIVERSITAT OXFORD
o WUPPERTAL

el AL e  LancasterESy
SN 555 University ©° Argonne
l v HaroraToRr :-'"“:_-ru.-ur:w.q‘;-‘n
@ I l\l~l{P‘-)(.){ Q GLOACAAUGUS FUNINLESITTAL —
GOTTINGEN /j
ﬂ i3 g 2 INFN
:’;‘:’;" %1 o UIO  University of Oslo (- vl

* Concentrating on depleted MAPS for radiation tolerance

* Large effort on many technologies : AMS 350 nm, AMS 180nm, Lfoundry 150 nm, Global
Foundry 130 nm, ESPROS 150 nm, TowerJazz 180 nm, IBM T3 130 nm, STM 180 nm, ON Semi
180 nm, SOI XFAB 180 nm

HSTD11 Conference report i RAL, January 2018
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Large chips become available in several technologies SATLAS
EXPERIMENT
Chip name Technology CE Size* Pixel size [um?]  R/O architecture Staust
aH18 AMS 180nm Large 56 x 56 Asynchronous Measurements
Malta Towerlazz Small 36 x 36 Asynchronous Submitted
TJ Monopix 180nm Small 36 x 40 Synchronous Back after Xmas
LF Monopix Large 50 x 250 Synchronous
Coolpix LFOU'::_;V 150 Large 50 x 250 Synchronous Measurements
LF2 Large 50 x50 Synchronous

* CE Size = Collection Electrode Size

10mm

W =]

: L
= LF-Monopix01 X E
o (Monolithic) e e
==
MALTA g =
= .
~20%20mm? i
ATLAS Pix & MuPix MONOPIX, LF2 & COOLPIX MONOPIX & MALTA
AMS 180 nm Lfoundry 150 nm TowerJazz 180 nm

walter.snoeys@cern.ch 2

HSTD11 Conference report i RAL, January 2018
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CMOS MAPS & HEP

CMOS! e.g. 1™
| stage amplifier
Isolated l'.olalrd I — S —-_—— ot}
NM()s | n-we el in p- ~uh~trm diode e [
Deep P-Well N n-well biasing
P-epi r
a depletion zone around TR :
) nwell: charge collected | . i
by drift
P-substrate
Electronics inside the large collection well
Electronics outside the small collection well Short drift distances, high field .
Small capacitance = low noise, low power Larger capacitance = higher noise low noise,
Longer drift distance and relatively low field higher power
region Possible Xtalk from RO to sensor

A To improve the CMOS MAPS radiation hardness a drift component needs adding, as the
diffusion based charge collection drastically reduces their CCE past ~ 103 n,, cm=

A As the depletion region~ | P V one can either increase the resistivity r (HR
CMOS) and / or the biasing \/blas (HV CMOS)

A Ultimately the sought end result is the same, i.e. a depleted CMOS MAPS (DMAPS)

HSTD11 Conference report i RAL, January 2018
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Publication number
Publication type
Application number
PCT number
Publication date
Filing date

Priority date (7)

Also published as
Inventors

Original Assignee

Export Citation

Patent: Accelerated particle and high energy radiation sensor US 20060278943 Al

L520060275943 Al

Application A Currently investigated CMOS structures
s 105586 028 ..

TR AT initially proposed by PPD/TD years ago
14 Dec 2006

7 May 2004

B May 2003

EP1BE20825A2, EP162083561, US7544012,
WO20040997 4042, WO2Z0040997 4043

Fenato Andrea Turchetta, Gidlio “illani, Mark
Prydderch

Turchetta Renato Andrea O, Yillani Giulio E,
Frydderch Mark L

BiBTex, Endiote, Reftan

Fatent Citations (45), Referenced by (14}, Classifications (12],

Legal Events (4)

External Links: USPTO, LISPTO Assignment, Espacenet

HSTD11 Conference report i RAL, January 2018



XPERIMENT

ATLAS ITk Pixel Detector  §arLAs

E 1400 ATLAS Simulation
o 1Tk Inclined
1200 n=10
1000
n=20
800
600
400 =30
e AT N b e :vl!| i 1
ey o ||»||||1|u|l| 1|

— n
— 10 Craa |l||lllllll&b!|0|

G500 1000 1500 2000 2500 3000 3500

Technical Design Report for the ATLAS Inner Tracker Strip Detector z [mm)
CERN-LHCC-2017-004, ATLAS-TDR-025, April 2017

« All silicon design to replace present ATLAS Inner Detector for HL-LHC
* 1 coverage increased from 2.5 to 4

« |tk Pixel: 5 pixel barrel layers and 5 pixel rings

* 10,000 modules with 12 -14 m2 of pixel detectors

» Design of the pixel part is being finalized: inclined layout optimization

Monolithic Pixel Development in TowerJazz 180nm CMOS for the outer pixel layers in the ATLAS
experiment

H. Pernegger / CERN EP Department

HSTD11 Conference report | RAL, January 2018
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-

@ CMOS for Future Trackers IATLAS

EXPERIMENT

- CMOS sensors for ATLAS: Radiation hardness, response time, hit rates

. |aucerms ATLAS Outer Pixel  ATLAS Inner Pixel

NIEL [ngq/cm?] 1043 105 1016

TID <1Mrad 80 Mrad 2x500Mrad
Response Time [ns] 2000 25 25

Hit rate [MHz/cm?] 10+ SF 100-200 2000

Key parameters need factor up to
~100 Performance gain

« Collect signal by drift through fully depleted sensor (DMAPS):

— TowerJazz developments in close collaboration with ALICE and ATLAS for optimzed
processes towards radiation hardness

- Dedicated designs for high hit rates and fast response
— New architecture developments to cope with high hit rates
« CMOS sensor post processing and module integration

- Lar elarea module concept and new interconnects technology for dedicated CMOS
modules

H. Pernegger Hiroshima Conference 12th December 2017 5

HSTD11 Conference report | RAL, January 2018
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PERIMENT

TJ 180 nm modified process §AartLAs

* Novel modified process developed in collaboration of CERN with TJ foundry,
originally developed in context of ALICE ITS

* We carried out initial charge collection studies at HL-LHC radiation levels (~10**n_/
cm?) to study a possible application towards ATLAS ITk

* We pursue novel designs in this process to meet ATLAS requirements for ITK Pixel

W.Snoeys etal. DO 10.101&4 .nima.2017.07 046

. g W PUDS r—
e el — ¥ 0O 1 _ Hi T 0 I ]
g — el wmi sl wani = i X il
e el Srmy el [rem——— - . [Frmp—

B Anas royDe et

* Adding a planar n-type layer significantly improves depletion under deep PWELL
* |ncreased depletion volume — fast charge collection by drift
* better time resolution reduced probability of charge trapping (radiation hardness)

* Possibility to fully deplete sensing volume with no significant circuit or layout changes 9

HSTD11 Conference report i RAL, January 2018
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A %,
Q”Qj First Irradiation tests for HL-LHC YWATLAS

« TowerJazz 180nm Investigator sensor with small electrodes
« Neutron irradiated at Triga Reactor Slovenia
« Measure charge collection before and after irradiation

90
Sr response very good timing response after 1x10™ n_,/cm?
! 0.03 Vb « OV ‘r ..... n‘v:- ,V’WJT”,"I”' ( .;'r-. 02 Veub = OV
g ) WY ’ " ' E 0.18 Unrrndiatod Paak « 10.07 sgma 1 50 v - Sgmapesh « 1170 %
2 0.025 ! 0.16 1o14 reg Posk « 1600 wgma 290 m ... 1290 %
3 MPV = 19 mV pre-rad, i ;
014
0.02 16 mV after 1e15n_, i
o = 1.96 ns pre-rad,
0.015 0.1
0.08 2.78 ns after 1e15n_,
0.01 0.06
0.005 0.04
0.02
b BT 20 w w0 60 % “0 20 30 4 50 0 70 8 80 100
Signal [mV] Charge collection time [ns]

H. Pernegger et al 2017 JINST 12 PO60O08

HSTD11 Conference report i RAL, January 2018
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Charge versus collection time $ATLAs

« Calibrated charge signal in ®*Sr source tests
— Calibration of mV to e- by “*Fe source tests and

* Better timing with modified process (narrower collection time distribution)

L ~ “: !
- Modified - :\’/:g(c’:j:d T
o e "B imadiated
e} 10* n/em2 S &5 }f’"ﬁ"/f'“?_

..

b

HSTD11 Conference report | RAL, January 2018
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Beam test results

== = i
0 50
X fum

el Conter Purei Edge Puaei Certer
1k ; T
x -
. TR
z !
-+ |
0.9}

[98.5% + 1

0.8}

5% (stat.) £ 1.2% (syst.)

Stat. +Syst. Unc.,
1.16!\/:0!‘
— Stat. Unc. 25um Pitch
e —————— et ————————t ettt
-10 0 10
X position [um)

Hiroshima Conference

§
g
e

Unirradiated sensor efficiency 98.5% + 0.5% (stat.) £ 0.5% (sys.) (50x50 pum?)

Irradiated sensor also shows uniform efficiency across 25x25 um? pixel

Efficency

YATLAS

IMENT

Piaed Center Pue Eage Prawi Corvver
- iy g -
L] [y " . 1
e __,__._.. d
0.9}
r
Stat.+Syst. Unc
08 Unirradiated
— Stat. Unc 50.m Pitch
Y position [um)

Pael Conter Pizol Eoge Prawl Canter
I

i'—q—* = =
| e S

0.9
Stat.+Syst. Unc
0.8~ 1015 nJom’
p = Stat. Unc 25.m Pitch
-10 0 10
Y position [um]

12th December 2017
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TJ MALTA for ATLAS

* Monolithic pixel sensor for the
outer layers of the ATLAS Itk Pixel
outer layer

Memory and SEU Test chip Investigator
-

* Uses TJ180nm modified process

* Full-scale demonstrators with
different readout architectures and
optimized analog performance

* MALTA: 20x22 mm (full size)

* MonoPix : 20x10 mm (half size)

The ATLAS “MALTA" chip

— Novel asynchronous readout
architecture for high hit rate
capability with 40bit parallel
data bus for streaming

— Features Sensor-to-Sensor RTINS ,Jw_
high-speed signal transmission Lead design: CERN

— Chip-to-Chip power Currently in production and will receive chip back in January
_ distribution

HSTD11 Conference report i RAL, January 2018
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e

_-/'

36.4 um

“MALTA” pixel

Analog front-end and digital readout architecture separated inside the pixel

Analog

[y
I
.

. P . .

5 .

4

1

)
:

"’.’

Collection
electrode

.

" ‘.}' "l.:‘., i
— EI‘JN ik gE
y S R .

Charge collection
electrode separated
from circuitry to
avoid additional
noise from cross-
talk

Small diameter
electrode (3um

diameters) to
achieve minimal
capacitance (<5fF)

Analog power: bias
current 500nA/pixel
or <70mW/cm?

HSTD11 Conference report | RAL, January 2018
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ATLAS CMOS Module (MALTA) $ATLAS

EXPERIMENT

—
L

/37.2mm active / 43mm physical

CMOS Module is assembly of
“Quad” or “Double” chip
arrangement

» Do not consider stitching for
CMOS modules

« Aim at minimal gap region

Trial assemblies in preparatior
with TJ- MALTA

Corner area between 2 chips:

40mm

Chip-to-Chip data interconnection

H. Pernegger ) ) .
g8 Hiroshima Conference 12th December 2017 22
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Summary & Outlook JATLAS

EXPERIMEMNT

« We have investigated the radiation hardness of for monolithic
active pixel sensors produced with a modified process in
TowerJazz180nm to develop a monolithic CMOS sensor with
a small collection electrode while maintaining radiation
tolerance.

» Measurements in irradiated prototypes up to 101° n/cm?2
showed nearly unchanged signhal response and depletion
of the epi layer.

» Two large-size chip designs, TJ MALTA and MonoPix have
been prepared to develop this approach towards radiation
hard monolithic CMOS sensors as an option for the
ATLAS ITK Pixel Outer Layers

» This is an essential step in the progress of the ATLAS CMOS
sensor project for dedicated DMAPS designs for the ATLAS
ITK outer layers

H. Pernegger Hiroshima Conference 12th December 2017 25
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LAB

Silizium Labor Bonn

universit'atbonnl

Depleted Fully Monolithic CMOS Active Pixel Sensors
in High Resistivity 150 nm Technology for LHC

T. Hironol, M. Barbero?, S. Bhat? P. Breugnon?, |. Caicedo?, M. Daas?, Y. Degerli?,
S. Godiot?, F. Guillowé, T. Hemperek?, F. Huegging?, H. Krueger!, P. Pangaud?,

P. Rymaszewski!, P. Schwemling?, M. Vandenbroucke?, T. Wang?, C. Zongde?
and N. Wermes!

! University of Bonn
2 CPPM/Aix-Marseille Université
3 CEA/IRFU

11th International "Hiroshima" Symposium - Dec 10-15 2017, Okinawa, Japa

HSTD11 Conference report i RAL, January 2018
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150 nm TECh“DIOEY uniuersitétﬁ
* LFoundry 150 nm CMOS: Top view N-well
High Resistive wafer (>2kQcm) and High Readout 0 Pvell

\oltage

\
—> sufficient (~150pm) depletion [ - * ]

d o« vVHV X HR

* Radiation tolerant technology Collection well (fill factor ~ 50%)
*  Multiple wells up to 4 wells

- PMOS and NMOS can be used in pixel Side view

readout

- Digital signal processing in pixel - “ -

+ Large fill factor approach
(2) Short charge collection path *

(:2) Capacitance between wells requires

dedicated circuitry p-substrate

» Back side processing HY
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Prototype chips

universitatbonn

O CCPD_LF Q LF-CPIX O LF-MonoPix (Full Monolithic)

: » 3 3
’ . »
> . ’
= gt 111

—
!mmunmu:nnmnmmmmu

Sensor + Analog (Disc.) Sensor + Analog Sensor + Analog + Digital

* Pixel size: 33 um x 125 um * Pixel size: 50 um x 250 um * Pixel size: 50 pm x 250 pm

* Chipsize: 5 mmx5 mm * Chipsize: 10 mm x 10 mm * Chipsize: 10 mmx 10 mm

* Fast R/O with FE-14 * Fast R/O with FE-14 * Column drain R/O architecture
* Thickness: 750, 300, 100 pm * Thickness: 750, 200, 100 pm * Thickness: 750, (200, 100) um
* Bonn/CCPM/KIT « Bonn/CCPM/IRFU * Bonn/CCPM/IRFU
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Pixel design - "
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Token in
(from previous pixel) A
A ! LE ReadInt
L — 1 & -
s o}e3—A4"—s o}—¢ 1 bl TE |
X "3 sl | | -~
1* latch [Hn‘ flag ) _
| CH '
Readint \
4
Token out
Freeze (to next pixel) Read Time stamp Column bus
CCPD_LF, LF-CPIX | (8-bit) (24 bit)
LF-MonoPix
* Charge sensitive amplifier * Full-custom dig. circuit

* In-pixel 4-bit DAC for threshold trimming = Minimized area => for less C,

— Low noise circuit design for critical dig. blocks

* Hit register (1-bit counter)
eg. current steering logic, RAM r/o by source follower

* 8-bit time stamp @ 40 MHz

— Time, charge of signal
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Pixel profile (laser response) - "
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U - Row (short)
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Full depletion voltage N '1
universitatbonn
0.45 60
0.40 « « Bas=202V & @& Total
1 ?. « ¢ Blas=22V 50 ® 8 Pel
0.35 +» » Bias=12V ' _
A\l |- - Bias=7v a0 Fotal = Glaser” * Tpice
: OIED U:2 'q'“m 1 'E ) ﬂ"x-" l:r assuming [G' | [ZDDU}I] = E-.‘ .-"';‘
2 0.25 ' S ol '
- n 30 .I
@ 0.20 —) 5 '
@ @ 20 |
g 0.5 o 17V
0.10 10
0.05 ; 1w s
’ + 0 - it 11T zocsmmad
0.00 J 0 50 100 150 200
=150 =100 =50 0 50 100 150 Bias voltage [V]

Pasition [um]

Sigma of beam profile saturates around bias voltage of 17V
—> Full depletion voltage = ~17V for the chip thickness of 100 pm
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Radiation hardness (TID) | 't"tb"
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The prototype chips (CSA+Discr.) were irradiated with X-ray up to 50 Mrad

* Input transistor of CSA Normalized gain and noise of LF-CPIX
« NMOS
1.04
 PMOS € 1.02
. ~e S 1.00 ¢ ——o oo A
. (MU.S § 0.98 \’\"/,os
* Bias voltage: -100V % 0.96 . Wieo ]’33
= Orad * ST,
S 094 v
. . < 0.92
* Gain degradation: <5% 0.90 {f
* Noise increase: ~“30% 1.6
v 15 &4 NMOS
S 14 [T OS5
* No significant difference 213} —— 5o
between the 3 flavors E 1.2 y Oad | s h¥;+
E 11 ! i /’
Z 10 — "tg‘w b‘y
[ : ]
e 710 10* 10° 10° 107 10°

TID [rad]
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Radiation hardness (TID) _ 't"tbo"
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Un-tuned and tuned threshold dispersions of LF-CPIX (flavor=PMOS)

Injection [e]
0 1000 2000 3000 4000 5S000

400
350 Tuned OMrad, o=55e
300
250
vuo |
150 |
100 [ Un-tuned OMrad 0=370e
50 __Un-tuned 50Mrad 0=418e
8.0 0.1 0.2 16.3 0.4 0.5

Injection [V]

* The threshold is still tunable after TID=50Mrad (0<100e cf. readout noise =~ 200e)
* Increase of the tuned threshold dispersion is 20e
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Radiation hardness (NIEL) w
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i . B = ) AIDA
* The neutron irradiation test was done in JSI -
and the MonoPix were annealed 80min @60C Chip: MONOPIX
DAC setting: Default
& i . . Biasvoltage: -200V
D I VCUTVG Of MonOPIX D Ga|n and noise Temperature: -23C, -27.5C
104 120
. 100 ) Oneg/cm2
1x10%n_J/cm? @-27.5°C 80
s 105 i eq_/ B % 60 ‘:] 1E15neq/cm2
< e i 40 |
< 10° K/ — 1E15neq/cm2 2%
S , —  SEl4neq/cm2 4 6 8 10 12 14 16 18 20
E 10° — 1El4neg/cm?2 Gain [uV/e)
= —  Oneg/cm?2
o 108 : . 120 .
i non-irradiated 100 Jn
it 9 80 |
- 10 # 60 |
40
10-1¢ 20 /
0 50 100 150 200 0 s p .
Bias voltage[V] 0 100 200 300 400 500 600 700 800

ENC[e]

* Breakdown voltage is higher than 200V
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Radiation hardness (NIEL) , 't"tb"
universitatoonn

Threshald: 1500 e
Bias: -200V (0 n_/cm?)
-130V (1 x 10'5n_ fem?)

[ ToT values of seed pixel

s ;g lrareelkel Chip: MONOPIX
300 . _ — DAC setting: Default
non-irradiated Source: 2.5GeV electron
. 200 Temperature: cooled by dry ice
100
O Injection vs ToT
0
0 20 40 60 80 100 120 Charge [ke]
ToT [25ns] 900 2 4 6 8 10 12
Charge [ke] 80
1.5 3 4.5 6 ) 12 70
150 - 60
A 1x10%n__/cm? A 50
100 r qu o =
# [ _ E 30 = « Oneg/cm2
50 | | 20 ) = = 1E15neg/cm2
- —~ o 10 .
0 20 40 60 80 100 120 9001020304 0506 0.7 0.8

ToT [25ns] Injection [V]

 The MPVis decreased after neutron irradiation of 1 x 10%n_ /cm?.

HSTD11 Conference report i RAL, January 2018



A
(N ) Science & Technology
—~ Facilities Council

In-pixel Efficiency

universitétbonnl

* layout
' N-well (collection well)
M p-well

* Un-irradiated

Position {sm]

Posstion [um)

* 1x10%n,/cm? P

Posttion [sm)

-40

-150 -100 -50 0 100 150
Position [sm)

100.00
99.75
99.50
99.25
99.00
98.75
98.50
98.25
98.00

100.00
99.75
99.50
99.25
99.00
98.75
98.50
98.25
96.00

Efficiency| %]

Efficiency[%]

In the irradiated sample, the degradation of the efficiency observed not only at

the corner of pixels but also in the middle of the pixel.
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* Depleted Monolithic Active CMOS Pixel Sensors (DMAPS) in High Resistivity 150 nm
Technology has been developed

— Full monolithic readout works as expected
— Break down voltage: >250V
— Full depletion of 100 pum sensor: ~¥17V
» Radiation hardness has been tested by X-ray and neutron
— TID
» Degradation of gain = ~¥5%
* Increase of noise = factor of 1.3
— NIEL
» Break down voltage still higher than 200V
* Hit efficiency 98.9% after irradiation
* MPV decreased = Backside process are planned
» Time walk = optimization of operating parameters (current of CSA, Discr.)
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RAL PPD OVERMOS

N Sio,

Isolated Isolated

18

Deep P-Well

P-epl
a) -

OVERMOS is a CMOS MAPS project demonstrator fabricated using:

A TJ 180 nm Hi-res 18 um thick epitaxial layer 1kOhm i cm
A Small (3.5x3.5 um2) n-collecting nodes

A Multi diode arrangements within pixel

A CMOS DPW -~ originally proposed for DECAL of ILC
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OVERMOSL1 description

2 Basic Passive: 5x5 of 40 X 40 um 1: Symmetric Passive: 5x5 of 40 x 40 um

8: Basic Active Large 5x5 of 40 x 400 um

3: Basic Passive Large: 5x5 of 40 x

400 um merged 7: Basic Active Large Merged 5x5 of 40 x 400 un

6: Basic Active AC Large 5x5 of 40 x 400 um
independent diode biasing AC coupled

-
.
v
ik
1
.
1
e\
-
-

T EE -
o
ERE L EE S

4: Basic Passive Large: 5x5 of 40 x
400 um
5: Basic Active: 5x5 of 40 x 40 um

“teee
o1
L R RN

l

PASSIVE

A The PASSIVE pixels feature different arrangements of the collecting nodes,
still of the same size (4 x 4 um2)

A The ACTIVE pixels, i.e. with in-pixel electronics, all allow analogue readout of
the pixels
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OVERMOSL1 description

/ N *uJ |\
charge amplifier
thag-sa --"_]
| JE N
......... N | shaper
& | |5

\_ I J

A The ACTIVE pixels include a charge amplifier, shaper and Voltage follower
with each output being routed out

A Some flavours feature AC coupling to the RO, allowing for relatively high
voltage biasing to the pixels
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OVERMOSL1 description

- ——— SZL e
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|l-’,’;.|.
19440

Pixel 4 N++ P++

A All the pixels in the OVERMOS1 include an p++ region around each diode to isolate
them from neighbouring ones

A The OVERMOS1 ASI C Obasic passi veo-radat®on been
for DC and charge collection
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OVERMOSI1 Charge collection

OVERMOS

In metal box
to reduce EMP noise

OVERMOS

Under Laser 100x optics

3: the calibrated Laser was used to inject <Q injected> = 541.66 fC or 1.805 fC/um (corresponding
to the Laser attenuation settings which gave the minimum error %)
(not taking into account I R reflection on ASI Cob6s

HSTD11 Conference report i RAL, January 2018



