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Monolithic Pixel Sensors for
Future Collider Experiments
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Introduction PixLab £

Pixel Laboratory

Si microvertex detector

A{SYAO2YyRdzO02NJ RSGSOU2NE KI @S 0SSy dzaSRE®P2N] Sy SNHe

ALY GKS mdhpynQas GKS IOFAftFToAtAGe 2F YAONRTFI
structuring the electrodes at the 5000 um level has vastly improved the position . -
resolution, down to 10 pm or below. ST

M { SO2YRI NE O SliNdil padides (ta®i, BPDY beéoie addessible
secondary

A It has radically changed the way experiments are thought of and conducted t\ ,

.
y4 ™~ error ellipse

A Today, virtually every high energy physics experiment deploys semiconductor “=_,.... .o.on

1cm

detectors (c) Enlarged detail (200:1).

T+~ in which one of the two 7

Fig. 8.1 Event display of the reaction ete™ — Z° — 7
leptons decays into three pions. Panels (b) and (c) show enlarged details demonstrating the
precise measurement of track hits in the silicon microvertex detector and the recognition of

a so-called ‘secondary vertex’ (OPAL detector at the ete™ collider LEP, source: CERN).

cmarinas @ific.uv.es 2



Pixel Laboratory

Nowadays: Silicon Everywhere PixLab -

v _ATLAS SCT
\ » ”’J -‘ V.

-
™

NA62Gigatracker

wd




Tasks of Tracking Detectors PixLab £

Pixel Laboratory

A Provide precise space points or space point clusters (vectors)
originating from ionizing charged particles

- Particletrack findingfrom patterns of measured hits

- Momentum (B-field) and angle measurement

- Measurement of primary and secondargrtices

- Multi-track separation and vertexing in the core of (boosted) jets
- Measurement of the specific ionizatiodEdx)

A Keep the material influencing the paths of the particles to a
minimum to avoid scattering in the material and secondary
interactions

cmarinas @ific.uv.es 4



Vertex Resolution P|x|_(]b .:.;ﬂ

A Concentrating here on properties for vertexing in HEP experiments

SN0 TN
Q\\\/ff !

Vertex resolution

2
T = " 1|[o2@r - r?l13.6 MeVyi ==
X, |p?

Detector requirements

A Fine segmentation /
A Low material (beam pipe and detector layers) r2 Layer 1
ry
roT

A First layer as close as possible to the beam pipe
A Large lever arm Beam pipe

cmarinas @ific.uv.es



Silicon Detectors PixLab -8

Pixel Laboratory

AParticles flying through the bulk produce ionization
Alonization creates charges in the detector volume:
AElectrorhole pairs in a semiconductor detector

pn-junction

A9f SOGNRO TFTASER LI ASR (2
current

w Simplest detectorpn-junction
¢ hLISNY SR AY NBOSNES oAl
¢ ¢CNF OSNAEAY 3T LI NLAOES ML
¢ Typical thickness 5)300> Y

) ShockleﬁamoTheorgm: | /N AﬂL
Moving charges induce signal on electrode — >
g =—

sensor
diode

cmarinas @ific.uv.es 6
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Increasing the Resolution: SegmentatioiPixLab -

ASilicon strip detectors

A strip detector is an arrangement of strip like shaped
Implants acting as charge collecting electrodes {one
dimensional array of diodes).

ADouble sided silicon strip detectors

Two dimensional position measurements can be
achieved by applying an additional strip like doping on

the wafer backside by use of a double sided technology.

APixel detectors

2D array of pixels. Each pixel prijunction
True 2 dimensional information without ambiguities

cmarinas @ific.uv.es
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Increasing the Resolution: SegmentatioiPixLab -

ASilicon strip detectors

A strip detector is an arrangement of strip like shaped
Implants acting as charge collecting electrodes {one
dimensional array of diodes).

ADouble sided silicon strip detectors

Two dimensional position measurements can be
achieved by applying an additional strip like doping on

the wafer backside by use of a double sided technology.

APixel detectors

2D array of pixels. Each pixel prijunction
True 2 dimensional information without ambiguities
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"+ ohmic bulk contact ov)

g junction V)

p+ Sﬂ‘ips



Increasing the Resolution: SegmentatioiPixLab -3

Pixel Laboratory

ASilicon strip detectors

A strip detector is an arrangement of strip like shaped
Implants acting as charge collecting electrodes {one
dimensional array of diodes).

ADouble sided silicon strip detectors

Two dimensional position measurements can be
achieved by applying an additional strip like doping on
the wafer backside by use of a double sided technology.

APixel detectors

2D array of pixels. Each pixel prijunction
True 2 dimensional information without ambiguities
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Semiconductor Detector Types ‘PixLab-

Pixel Laborator

No internal
charge
multiplication

External (Some)
o Integrated
amplification o

amplifier

{ } { } This talk } [ }

cmarinas@ific.uv.es 10




Stateof-the-art of LHC Detectors ‘PixLap-

Photon or charged particle

All based orHybrid Pixel Detectors

Common electrode

Sensor chip

Readout chip

-
-
-~

¥ \\\ {0" /%» e 2 "
= / : 7 ) Motherboard S
Depleted™s
Bias — zone |
voltage I' \“
] Semiconductor)
| i
; : - } ‘ ’:
: \ '
: High resistivity . :
: é Niype silicon  p.sype \( Pixelimplant )/
: /4 ‘\&\\ doping Solder
bonds Wire bonds
LHCBbVelo
Planar sensor /|
(

p-type substrate

CLICpix2
11
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From Hybrid Pixels to Monolithic PixLab -5

Pixel Laboratory

A StandardHYBRIDixels

- Various sensors: plangi, 33Si, diamond * _D_ _D_
- Mixed signal R/O chip

Sensor FE chip

Chip to chip
bump bonding

cmarinas @ific.uv.es 12



From Hybrid Pixels to Monolithic PixLab -5

Pixel Laboratory

A StandardHYBRIDixels

- Various sensors: plangi, 33Si, diamond * _D_ _D_
- Mixed signal R/O chip

Sensor FE chip

v Chip to chip

bump bonding

A Monolithic Active Pixel Sensors

- MAP3using CMOS with-Qollection in epi D
layer (usually bdiffusion)
- Depleted DMAPSusingHRsubstrate and/or Diode + Amp + Digital

HVprocess to create depletion region

cmarinas @ific.uv.es 13



From Hybrid Pixels to Monolithic

-PixLab

Pixel Laboratory

£

A StandardHYBRIDixels

- Various sensors: plangi, 3BSi, diamond
- Mixed signal R/O chip

A Monolithic Active Pixel Sensors

- MAP3using CMOS with-Qollection in epi
layer (usually bdiffusion)

- DepletedDMAPSusingHRsubstrate and/or
HVprocess to create depletion region

cmarinas @ific.uv.es

front-end
chip

Moderate spatial resolution (200> Y
High material budget (few %)X
High cost

Radiation hard

pixel
detector

High spatial resolution (2 Y

Low material budget (0.1 %)X
Needs modifications for radiation
Simpler readout architecture

/

3
‘}I':n
E T"?

>}

?‘mrﬁ
; L S ¥ mos
o R g

ell

ri=well

p= substrate

;l" particle track

14



(D)MAPS PixLab £

Pixel Laboratory

(Depleted Monolithic Active Pixel Sensors MAPS

Collection diode

A Monolithic
Signal generation + readout integrated on a single unit
Low material budget

Electronics

A Active
Detection and imixel amplification and processing

L

]

[ =]
L

A Depleted
HV process or HR substrate to create depletion region

Fast charge collection via drift
Large depleted volume with large signal

d~.p-V 0f |

0 50 100 150 200 250 300
Bias voltage / V

bad

]

[=]
L

Depletion depth § pm
=
f]
]

cmarinas @ific.uv.es 15



(D)MAPS PixLab £

Pixel Laboratory

(Depleted Monolithic Active Pixel Sensors MAPS

Collection diode

A Monolithic
Signal generation + readout integrated on a single unit
Low material budget

Electronics

A Active _ ) .
Detection and irpixel amplification and processing High Voltage-MAPS Bh voltag

A Depleted
HV process or HR substrate to create depletion region

Fast charge collection via drift
Large depleted volume with large signal

d~ /p .V High Resistivity-MAPS
Collection diode
. : . : -t v
Very low mass, small pixel sizes, highly integrated modules [ ETr i . High I T

cmarinas @ific.uv.es 16



MONOLITHIC

Many Different Implementations

*Ds b
PixLab £
Pixel Laboratory

MAPS

Collection diode

Electronics

High Resistivity-MAPS / *

Collection diode

Shielded electronics ™., High resistivity substrate
i

Shielded MAPS

Collection diode

Shielded electronics

DEPFET

High Voltage-MAPS g High Valtage

Silicon-on-Insulator / «

Buried oxide =20

High Voltage

HYBRID

High Voltage

Electronics

cmarinas@ific.uv.es

Enhanced Lateral Drlft High Voltage

Charge Sharing implants

e
'. e’
JE
- %%

=]
L L

Collec A

Electronics

High Voltage

+ electronics

Electronics

17



CMOS Image Sensors (CIS) PixLab -8

Pixel Laboratory

A Allin-one: Electronic Camera On Chip
CMOS Image Sensor Integrated Circuit Architecture
Analog-to-Digital Conversion

— | o A Standard CMOS technology:

e P P P i ey .. .

i} = = a U Lower production costs

, i v U Simpler integration of complex functionalities

Anal

Signa A Very small pixels (1 um, 40 M pixels)
AR ANAN o Lol A Single low supply and power consumption

--------- A Increased speed (columor pixel- parallel processing)

Anatomy of the Active Pixel Sensor Photodiode

Control

Pad Ring

Amplifier
Transistor

s 7,
~—

A t
RN ST T AT O L o L LR AT AR i QRN | Ao 0 @ us .
|- orife o D e A W W, A O P A | Transistor

Digital Logic (Interface, Timing, Processing, Output) Figure 1

Silicon
Potential
Well

cmarinas @ific.uv.es 18



CMOS Image Sensors (CIS) PixLab -7

Pixel Laboratory

TECHINSIGHTS /4 7 Y N/ A All-in-one: Electronic Camera On Chip
: Color filter

A Standard CMOS technology:
U Lower production costs
Image sensor die U Simpler integration of complex functionalities
:::::::ﬂn:::"::'"':::: A A T e P T A Very small pixels (1 um, 40 M pixels)
s L S e A Single low supply and power consumption
A Increased speed (columor pixel- parallel processing)

Anatomy of the Active Pixel Sensor Photodiode
Control ASIC :

Amplifier
Transistor

us
Transistor

Silicon

cmarinas @ific.uv.es 19



Commercial Vendors PixLab -8

Pixel Laboratory

GLOBALFOUNDRIES

Various processes in use currently in HEF
TowerJaza80 nm, 65 nm

TSI TSI 180 nm

SEMICONDUCTORS L-Foundry 150, 110 nm

Globalfoundriesvon Yy Y X

15 4

—
Monolithic sensor technologies based on Rt e 4 Iﬁ
:

commercial processes i e
LFOUNDXRV il A g COTPOTation

A EM.rll-"'.'Lr_rr-*m-‘,r 3 il e b

-
el
J.L“

LX)

L

Reduced cost, large throughput, fast
turnaround, large wafers

o
[ [
S— 1) ]
Complex layouts, limited information on [ ,’

processing details, long term support

The Global Specialty Foundry Leader .
life.augmented
ON Semiconductor®

cmarinas @ific.uv.es 20



Particle Detection in CMOS APS PixLab -

Pixel Laboratory

ionizing particle

1
Routing layers (metal layers, Si0,), passivation
L
; a few pm
NMOS TRANSISTOR ~ DIODE  NMOS TRANSISTOR ! NMOS TRANSISTOR
L
— - o
N7 N7 ; ~1lpm
PWELL PWELL ; )\

depleted }

few hundred pm

Substrate P** ~80 e-h /um

v

In standard CMOS image sensors, the photodiode is
implanted in lowresistivity silicon.

Depletion is shallow

Charge collection efficiency is low
The detector element covers a small fraction of the pixel area

-> Not suitable for measurement of charged particles

cmarinas @ific.uv.es 21



Particle Detection in CMOS APS PixLab -

Pixel Laboratory

ionizing particle ionizing particle
‘ i
Routing layers (metal layers, Si0,), passivation Routing layers (metal layers, SiO,), passivation
g a few um a few um
1
NMOS TRANSISTOR ~ DIODE  NMOS TRANSISTOR ! NMOS TRANSISTOR NMOS TRANSISTOR ~ DIODE  NMOS TRANSISTOR .* NMOS TRANSISTOR
' B —
= = =
(N [ p ~1pm N ~1pum
PWELL PWELL i | PWELL NWELL PWELL NWELL PWELL NWELL
b ' K 1
depleted : depleted : : VvV, | V1
1 1 I\ 1
- — .

up to 20-25um

few hundred pm

Substrate P** ~80 e-h /um Substrate P** ~80 e-h /um

few hundred pm

v

In standard CMOS image sensors, the photodiode is Use of an epitaxial layer with doping few orders of
implanted in lowresistivity silicon. magnitude smaller than the one on the p++ substrate
Depletion is shallow Potential barriers at boundaries:

Charge collection efficiency is low kT Ny, KT Npwew

The detector element covers a small fraction of the pixel area = 71" Nepi V2= q ik Nepi

-> Not suitable for measurement of charged particles Which keep minority carriers confined in the éayer

cmarinas @ific.uv.es until they reach the depleted region undawell



Particle Detection ifThinned)CMOS APSPixLab-#3)

Pixel Laboratory

ionizing particle
1

ionizing particle

Routing layers (metal layers, SiO,), passiv‘.‘;mtion Routing layers (metal layers, SiO,), passiv_,étion
a few pm ! a few pm

NMOS TRANSISTOR ~ DIODE  NMOS TRANSISTOR ! NMOS TRANSISTOR NMOS TRANSISTOR ~ DIODE  NMOS TRANSISTOR ! PMOS TRANSISTOR
el ol = 1

PWELL PWELL | PWELL _NWELL _ PWELL i ] NWELL

l‘ | depleted ! ; : ? E [
oo i - T—— ‘ tmmmmnooee-
Epitaxial Layer P- .:. up to 20pum
e ® Sensitive volume
few hundred pm
Substrate P** ~80 e-h /um Substrate P** Total 50 pm
f t
v Back-thinning to reduce material budget
In standard CMOS image sensors, the photodiode is Use of an epitaxial layer with doping few orders of

implanted in lowresistivity silicon. magnitude smaller than the one on the p++ substrate

Depletion is shallow Potential barriers at boundaries:

Charge collection efficiency is low kKT Ny kT Npwgws
The detector element covers a small fraction of the pixel area S e 27 g Ny
-> Not suitable for measurement of charged particles Which keep minority carriers confined in the dayer

cmarinas @ific.uv.es until they reach the depleted region undawell



Readout Architectures PixLab -8

Pixel Laboratory

AGeneralities _ o A Synchronous
Assume digitisation A Priority encoder: ALPIDE, MIMOSIS
< Need to absorb the max hit rate => adapted for stitching: MOSS
/ Power connected to cloespeed ) ]
pixel matrix / - A Columndrain architecture: MONOPIX

A Multiplexing toward output (bottleneck) A Data driven

D ipmemia' trigger logic fired pixel adress within 20 ns over
Iogic% _ A Power depends on memory management 2cm

A Power depends on readut rate

- . #outputs and clock
2 (#outp )
A ComplexXogic ]
A ASynChronouS A MIMOSIS Case '_D'\-Ki‘;;'rr"‘:""_-D;r_:ni;na-l-r'-'“'“;":-T-

logic
MIMOSIS

AnoinYlF GNRAE Of 207
A Sill data-driven

A MALTA with pulses through

A Adapted to stitching: MOST

N LI2 ARBYuiredoy
fluctuatingrate |

RAU2 || RRU 3 (| RRU 4

1] dout Unit 1

| |
i 1

xel groups of 2x8 pixels = 1 double column 2x 512

e+32 red pi

- ____.__________________._I_\r_lil_rl_-::?vf;-_T:_:_ws _______
cmarinas @ific.uv.es g [ Rl
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CMOSMAPS R&D In a Nutshell

A General.concepts

2x2 submatrix view
thickness ~50 pm

A Performance s amatter’ of optimisation

Low material

Excellent
budget spatial
resolution
Optimisation
ee & heavy ions Consumer

market

Low power High hit
dissipation

rate

@
-~

Some performance Optimisation
are anti -correlated!

hh

High Excellent time
radiation resolution
tolerance

-

Monolithic active pixel sensor

*Ds b
PixLab £
Pixel Laboratory
\
Resource blocs

Dlglta treat

Data TX
& Storage & Control

A/D
conversion

A

Sensing

A

Time resolution

eering & clocking

Hit rate

power dissipation Optimisation 1

spatial resolution

25




Towards Better Radiation Tolerance  :PixLab -3

Pixel Laboratory

A Electrode design

wos  ewos  MHSREI contact o pvo
PWELL | NWELL . | PWELL | NWELL ! pwell | nwell
DEERPWELL N DEERRWELL N LEGONTEERIEE GRS
DEPLETED ZONE
) '\DEPLETION
P= EPITAXIAL LAYER -, BOUNDARY
Electronicoutsidethe charge collection well Electronicsnsidethe charge collection well
Small collection electrode Large collection electrode
Very small sensor capacitance (<5fF) No low field regions

M [26 Yy2A4aSs 26 LI26SNE KSharkr dafildiStshées
[ Saa OGN LIWIAY3I I az2NB NI
Longer drift distances and low field regions
M wlk RAFGAZ2Y KI NRYySaa ySSRlarger ¥hddiRvelilYcSpaditance (>100)
cmarinas@ific.uv.es M tSYylrtft iASaE AY y2AaSxL2gS



Towards Better Radiation Toleranct  :PixLab -l

Pixel Laboratory

A Process modification

NWELL COLLECTION
i F""':'E' WEIE-II__EEI-:EITH_%EIQH NMOS PMOS ELECTRODE — —
L L |—ﬁ - OO O T T T
| PWELL ] NWELL | | MWELL PWELL | NWELL | - | PWELL | NwELL
DEEP PWELL DEEP PWELL N DEEPPWELL - . DEEPPWELL
/ ; @)
- LOW DOSE N-TYPE IMPLANT
1 <
: DEPLETION
; ‘ BOUNDARY
DEPLETED ZONE | DEPLETED ZONE
\\ n
, <
S /" DEPLETION ]
P EPITAXIAL LAYER . " BounDasy I | P EPTAXAL LAYER
A Partially depleted epitaxial layer A Modified process: Additional planartgpe implant
Charge collection time <30 ns Full depleted epi layer (up to 40 um deep)
Operational up to 18 1 MeVn,/cm? Fast charge collection < 1 ns

A 3 nm gate oxide for good TID
M hNRSNJ 2F YI3IyAiddzRS AYlL
27
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TIMonopixPixel Design Issues PixLab -5

Pixel Laboratory

Neutron irradiated T s
5x 1014 n,,/cm?2 o
eq 09 €
Inefficiency at pixel D
08 Y
edges due to low lateral =
electric field 07 Wi
—0.6
—0.5
0.4
[]
PWELL l NWELL ]: PWELL l NWELL PWELL l NWELL J: ' PWELL l NWELL 03
. _ _ _DEERPRPWELL___“ ‘. __DEEPPWELL __ ___ _DEEP PWELL _ _- v.___DEEPPWELL _ _
LOW DOSE N-TYPE IMPLANT LOW DOSE N-TYPE IMPLANT 02
DEPLETED ZONE ggﬂh‘fﬂgﬁ DEPLETED ZONE ggﬁh%‘lgﬁ 0.1
P EPITAXIAL LAYER P- EPITAXIAL LAYER
0
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TIMonopiXMALTA Modifications PixLab -5

Pixel Laboratory

NWELL COLLECTION

NMOS PMOS ELECTRODE — =

L ) i — ———
PWELL NWELLJ L PWELL | NWELL|
DEEP PWELL DEE L

LOW DOSE N-TYPE IMPLANT

b

iNGAPI

NWELL COLLECTION
P EPITAXIAL LAYER
NMOS PMOS ELECTRODE - — )
L o . Y e e WYX
PWELL l NWELLJ i & PWELL | NWELL | Tl
,,,,,,,,, DEEP PWELL % DEEP PWELL
LOW DOSE N-TYPE IMPLANT R ‘1‘ Gap in the low dose N-type implant
oy ¥ Y
STD | NMOS ovos  NWELL COLLECTION
DEPLETED zOKE : | = ELECTRODE ] —
« e ———
| PWELL NWELLJ PWELL [ NWELL |
j DEEP PWELL DE ML
P- EPITAXIAL LAYER 23
EXTRA DEEP PWELL -OW DOSEN- 4

Goal: AARAA
A Bend the field lines towards the collection electrode 8 1y é

A Shorten the drift path
A Increase charge collection speed, specially at pixel borders

Extra Deep P-Well

cmarinas @ific.uv.es 29



TIMonopiXMALTA Modifications

-PixLab-

Pixel Laboratory

NWELL COLLECTION —=— Modified — 40— 7
Nws Pws ELECTRODE --e— Modified process with additional p-implant g, r g ]
! PWELL‘ 7 30e-9 L --&-- Modified process with gap in n-layer D B ol T
DEEP PWELL DEEP: P‘LL = L }‘ R
@ e _|
LOW DOSE N-TYPE IMPLANT gsoo L L ]
= N
< Z - i 4
T 20e9| @4 - § ,,,, E
g L 4 = i
200 | .
= : § < :
3 [ d . ]
{ 4 v
P- EPITAXIAL LAYER Y 10e-9 [ /" «w-- Modified process  _|
‘- 100 ¢ P =
P i i - ---e--- Additional implant ]|
: g
i :‘ 4 ---s--- Gap in n-layer ]
- - - : . -
Gap in the low dose N-type implant 0o R T S D
0.0 5e-9 10e-9 15e-9 20e-9 25e-9 30e-9 O 5 10 15 20 25
NWELL COLLECTION Time [s] ; :
NMOS  PMOS ELEOTRODE Integration time [ns]
y Pixel Center Pixel Edge Pixel Center
PWELL | NWELL - - _ - 1 o
DEEP PWELL DEEP‘LL S 1= — : — — E Center Efficiency 0o g
2 ’ S ; == _ ::if —— LS ‘2 0.963 + 0.006 9.2
EXTRA DEEP PWELL LOW DOSEN- R RADERE 8 == == ' = & 08%
= i . i > ;
T i 1 0.7
0.9+ - 0.6
i ] 05
L - 0.4
P- EPITAXIAL LAYER | )
e 08 oo
O 1e15nJem? |
. - —— Stat. Unc. ""‘I 02
| 30um Pitch i
1 L 1 0.1
-10 0 10 20 _50 0
-50-40-30-20-10 0 10 20 30 40 50
x Pos [um]

-20
Y position [um]

Extra Deep P-Well

M wSadzZ Gy Claias

cmarinas @ific.uv.es
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Conclusions

A CMOS vertex and trackers in HEP are a mainstream technology:

Construction of large trackers for LHC

PixLab £

Pixel Laboratory

Possibilities for future upgrades (Belld HCh NA64) and new machines (Higgs factories)

A Strong interest for R&D to fully exploit potential of DMAPS

High granularity
Low material budget

Large area (vertexing, tracking, calorimetry, TOF) at reduced cost

Utilize industry postprocessing
Build compact, highly integrated modules

A{SYAO2YRdzOG2NJ GNJ O]l SN& X

A The devil is in the details

cmarinas @ific.uv.es

F Y R

/

a

“I'm here about the details.”

NI A O
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SuperKEKBnd the Belle Il Experiment :PixLab 3

Pixel Laboratory

Belle Il

muon
detector

EM calorimeter

eeq,o \ : ]
n(7G : - -
el) = Ve .
_ / _ 2 particle
;)ery""{m = | W identification
eam pipe -

vertex detector Y™
2 layers DEPFET
4 layers DSSD

central
drift chamber

[ Asu perKEKB\symmetricenergye*e collider )

E.n=m( (4S))=10.58 GeV
APeakluminosity. L = 6-10% cmr2s? (x30than KEKB)

9 Beamsizereduction Highercurrent (X2 higher) y

33
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Belle Il Vertex Detector PixLab -9

Pixel Laboratory

ASiliconVertex Detector (SVD)
4 layersof DSSD
r=39cm,8.0cm,10.5cm,13.5cm

APixel Detector (PXD)
2 layersof DEPFEpixels

r=1.4cm,2.2cm
L=12cm
~ 0.027m?

cmarinas @ific.uv.es



Belle Il VXD :PixLab-

Pixel Laboratory

—

- —

) Jl "'y [ \ ]
) _ ~.\ i
-t/ il
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Belle Il Upgrades PixLab -8

Pixel Laboratory

KLM: replace RPCs with scintillators
in barrel (some with fast timing for K _
time-of-flight); replace readout

ECL: replace crystals-alth—eure Csl; f p
[APD readout; add pre-sh W TOP: replace readout to
reduce size & power; replace

all PMTs with extended-
klifetime ALDs (or SiPMs?)

IR: accommodate QCS
replacement and repositioning

: VXD: all pixels
[ DMAPS

CDC: replace r/o ASIC+FPG ARICH: possible
New tracker (pixels, gas) : photosensor upgrade

TRIGGER: replace with latest
tech to increase bandwidth,
allow for new trigger primitives

More distant future: ~mid-2 0 3s0 6
n Detector R&D for extreme-I” environment

cmarinas @ific.uv.es 36



Reqguirementdor VXDUpgrade

*Ds b
PixLab £
Pixel Laboratory

Upgrade motivation:
A Cope with larger background activity

A Improve momentum and impact parameter
resolution in lowp;region

A Simplify tracking chain with all layers involved

A Operation without special modes nor data
reduction

Key sensor specifications:

A Pixel pitch 3840 pm

A Integration timeM100 ns

A Power dissipatioM ¢ Tt it 7 FA ic

cmarinas@ific.uv.es

Improvephysicgeachper ab?

Radius range 14 — 135 mm

Tracking & Vertexing performance

Single point

: <
resolution Lo [

0.2% X,/ 0.7% X,

Material budget :
inner- / outer- layer

Robustness against high radiation environment
(innermost layer)

Hit rate ~ 120 MHz/cm?
~ 10 Mrad/year
~5el3 n /cm?/year

Total ionizing dose
NIEL fluence

37



Belle Il Upgrade: VFYOMAPS PixLab -

Pixel Laboratory

A 5 straightlayersbarrel,usingCMO Sixel sensors

A Lowmaterial: 0.2%X, (L1+L2) - 0.5%(L3) - 0.8% X%, (L4+L5)
A Moderatepixelpitch~ 30> ¥

A Timeprecision50-100ns = ==
A Optionfor tracktriggeringwith a fastlow-spacegranularity &

A iVTXinnermost2 layers,selfsupported,air cooled
A oVTX3 outer layers,CFstructure,water cooled

A Overallservicereductionandoperationsimplification

cmarinas@ific.uv.es 38



Small Electrode Sensor Design DMAPSPixLab

Pixel Laboratory

Monolithic detector: Combine sensor and readout on the same wafer

NWELL COLLECTION
o ELECTRODE - o

=e=s = e A=
PWELL | NWELL i | PWELL | NWELL

______ DEEPPWELL - ‘" _DEEPPWELL .

LOW DOSE N-TYPE IMPLANT

DEPLETION
BOUNDARY

DEPLETED ZONE

P= EPITAXIAL LAYER

Electronics outside the collection well
Small fill factor

A Very small sensor capacitance

A Low noise and power

cmarinas @ific.uv.es

TowerJaz280 nm CIS
A Deeppwell allows for full CMOS in pixel

A High resistivity epiayer 8 kOhm.cm
Epi thickness 280> Y

A 3 nm gate oxide for good TID

£

A Modified process: Additional planartgipe implant

Full depleted volume
Fast charge collection

A Derived from LHC developments
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TIMonopix Family PixLab-

Pixel Laboratory

DMAPS in TJ 180 nm: Conc em Large scale demonstrator chip development

* MALTA
* Asynchronous readout

* Small sensor capacitance (Cd)
* Key for low power/low noise

N implant

*  TJ-Monopix1
* Synchronous column-drain R/O

v

* Process modification enhancements, Cz substrate =
improved efficiency ‘

* Radiation tolerance challenges
E-Epkaxiat Lavec *  Modified process
*  Small pixel size

* Design challenges
W. Snoeys et al. https://doi.org/10.1016/j.nima.2017.07.046 *  Compact, low power FE
* Compact, efficient R/O

K C, < 3fF P~ % < Cg / * TJ-Monopix2: Improved full-scale DMAPS
d

TJ-Monopix2 TJ-Monopix2
& MALTA2 & MALTA2

Design Submission

TJ-Monopix2
Characteriza
tion

T)-Investigator | TJ-Monopix1 & | TJ-Monopix1 & | Mini-MALTA sub.
characterization | MALTA Design | MALTA Submission | with process fixes

TJ-Monopix1 resub.
process fixes & Cz

“OBELIX”
Design

jadassanak Full scale
-1 i 3 o i 1 i System-ready:
e b LDO, CDR,

’“ » memory etc.

Q2 2016 ‘ Q4/2016 ‘ Q3/2017 ‘ Q3/2018 ‘ Q2/2019 ‘ Q2/2019 ‘ Q3/2020 ‘ Future pians

Present
cmarinas@ific.uv.es | 40



TIMonopix2 Characterization PixLab -9

Pixel Laboratory

A TIMonopix2 as forerunner of OBELIX
A 33x33 pni pitch, 25 ns integration, 2x2 cmatrix
A7 bit ToTinformation, 3 bit inpixel threshold tuning
A Various sensing volume thickness ik, epi30 pm)

A Detailed characterisation e o DUT residuslsfor all clusters

A In-laboratory A o~ [ s s
A Threshold / noise Epi add. p-well: 99.85 % 5°°— |
A ToTcalibration e Ew .. - |

An-beam (DESY, 5 GeV electrons) | meo 2% b
A Efficiency ~99% ;R . I I
A Position resolution ~9 um

cmarinas@ific.uv.es REEETE" f°ml BN o 41



Pixel Laboratory

rradiated TMonopix2 Test Beam PixLab -9

EXN T TSN Parameter scans:

WO2R05 None 30 um BRI HV,IBias PSubVCligz . / XN
WO2R09 Neutrons1 x 10Y 30 um EP) -
WOSRL6 Protons5 x 10Y 30 um EP) Angular scans, resolution, efficiency

VO8RL9 None 30 ym ER

W14R12 None (074

Efficiency >99% for 5x¥,,/cm? (310 e threshold)
Cluster position residuals ~9335Y

cellV,, [cellD]

RUN 879  Ruoi hit efficiency map o perPixel inpixel efficiency Telescope Telescope
- . 1 — _
X E E planes4-6 __planes1-3
. 09 Egosf- TIMonopix2
400 0.8 > F
B 0.7 005— Depletion Depth vs. Bias Voltage for NF
o = i
300— 0.6 0.04F & 5-10%negicm?
- 05 - 2 | ¢ Onegicm®
: 0.03F8 <
200[— 0.4 - T
C 03 - a
C 0.021= 2 » . . .
100— 0.2 E T
- WO5R16 0.1 0.01— = 204
R T e T R T R T o ..., CONEN ... 18
cellU,, [celllD] 0 001 002 003 004 005 i
cmarinas@ific.uv.es 5 8 W L M 1 B 0

Bias Voltage [V]



OBELIX Design

A Matrix design
A Extended copy of Ilonopix2
A 2 frontendflavours DG and AG cascodeamplifier
A Clock for timebinning slowed down: 100ns

A Powering
A LDO regulator for easier voltage distribution
A Overall power depends on hit rate: 2@D0OmMW/cm?2

A Trigger Unit
A Simulated with realistic inputs: 120 MHz/ém
A Can sustai®00 MHz/cn for 0.5 ps

A Fine time stamping
A 6 ns achievable with endf-column fast clock
A Limited to hit rateM 10 MHz/cn?

A Track trigger
A Reduced granularity to &rixels( ~4 x18 mrf)
A Increased transmission rate: 33 MHz

cmarinas @ific.uv.es

-PixLab

Pixel Laboratory

£
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