The rise of monolithic sensors
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Why do we need silicon detectors?

Vertex and momentum reconstruction in particle physics experiments

CMS

| |HL-LHC |Lepton collider
CEOMM 10 % <1 %

Time resolution PA&EIS <ns

TR 50 <25
Point resolution [LJTAETTS
1

016 1011

From collision to physics with silicon
tracking detectors:

* Number of particles

» Vertex-position

* Momentum (in B-field)
neq/ cm?2
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https://indico.cern.ch/event/306155/
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Sensor design |

Choosing the right
technology and
design
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Monolithic

Readout
electronics

« Readout and sensitive structures in one

* Industry process, largely available

- Simpler, thinner and cheaper detectors

Bump
bonding

e

« Two silicon pieces: active sensor chip and
readout

 Mostly 180 nm technologies in advanced
sensors

Particle track

Pixel
sensor

source

PMOS NMOS
-

deep n-well

readout electronics

collecting n-well N

« 20 years+ in many vertex detectors

« Specialised process = expensive and limited
vendors

depleted zone

«  Bump bonds limit pixel pitch and material parfele rack source

p-substrate
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Two approaches on MAPS

Large and small fill factor designs

N

./

S aulseiEe adapted from S
« Large fill factor « Small fill factor
« Large collection electrode « Small collection electrode
« Higher noise  Lower noise
« Fully depleted - high voltage ¢ <20 um depleted high resistivity
« Short and constant drift paths « Variable propagation length
« Example: HV-MAPS  Example: ALPIDE

Technology choice at the end application driven
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" Data acquisition |
systems

Developing
readout for
testing and
experiments o
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The MuPix Telescope - towards the Mu3e detector
A test beam DAQ for HV-MAPS tests

{ MuPix8 Telescope - A slice of a
vertex detector

i Single Chip DAQ | Mu3e Experiment

M=> eee in SM only with

« PCB carrying Chip BR<<10-50

. Test of Mu3e DAQ concept:

~+ Connection to FPGA/PC vertical slice including tiles

i - Observation == new physics

. Flexible workhorse deployed at
DESY, CERN, PSI and MAMI
from 2014 until today

« DAQ soft- and firmware |

= Muon decays at rest, thin

tracker
Up to 1.5 MHz particle rate

Inner pixel layers

1 Beam Target “
7

Scintillating fibres /

R S Y

Outer pixel layers
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https://arxiv.org/abs/2009.11690

Particle tracking telescopes

From prototype to detector system

e B | :
Beam LT FTT T s I
t:“_ ] : :::: Uil | .. _______::E g *SM
: : i 7] R Witigg :
* Precise reference system for test beam studies o i R (G i
» Test bench for sensor integration tests S
« At low momenta: As thin as possible to minimise
trajectory disturbance
e 2 approaches presented
: : e e X
* MuPix telescope: High rate capability/timing X

« EUDET telescope: Highest spatial resolution
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https://arxiv.org/pdf/1603.09669.pdf

DESY Il Test Beam & TEST

L
Providing beam and the ultimate toolkit for sensor studies 0 B EAM .

o o _ S
' Analysis Framework

L

mmon DAQ

. EUDAQ

A TD

LI ¢

| Modular framework

; Identical setups at different beam lines _ o |
/ | « Flexible event building Corryvreckan |
6 MIMOSAZ26 planes

« EUDAAQ: Distributed DAQ framework
« AIDA-TLU: Flexible DUT integration

» Clustering, track reconstruction (Line
or GBL), alignment and analysis
modules provided

3 um resolution on DUT

* 115-230 ys integration time

 |nstalled at DESY, SPS, ELSA and
SLAC/TRIUMF

» Active developments in AIDA: Task
3.4 - Next gen DAQ

| © Active community = continuous
improvements

| Well documented = low starting
\ threshold
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http://dx.doi.org/10.1088/1748-0221/15/01/P01038
http://dx.doi.org/10.1088/1748-0221/14/10/P10033
https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03008

Understanding and
optimising everything

DESY.

Characterisation |
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Example: Clusters and crosstalk on readout lines

. | « First 2 cm high HV-MAPS
Assumption:

; _ ‘ | = long connection lines from
* Clusters at the test beam with | .y pixel to digital cells
perpendicular impact can be
maximal 2x2

Conclusion

e Connection lines introduce
crosstalk

| « Expect to see only few/none

* longer lines => larger crosstalk
with 3 pixels along x/y

—— vertical up = 1.33

 Issue solved for final chip by
iImproved routing scheme

—— horizontal n = 1.033

L1 I
5 6 7 8 9
1D clustersize /pixel
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http://archiv.ub.uni-heidelberg.de/volltextserver/25785/1/dissertation_lennartHuth_printedVersion.pdf

Designing/building

The transition
from a sensor to
an experiment

DESY.
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The Mu3e tracker

An extremely low material tracking system

100p ~BYerd 504 MuPix |
ol ™ Layer 3 408 MuPix Modules>
- - Layer 2 50 MuPix / of 4 ladders
\ .
.| Layer 1 48 MuPix / f
E7 “NTarget \ arge
- . / . Half-shells
=501 MuPix chips 4 or 5 ladders
NN
~100L
—— ——— —— ———— |
-200 -100 Omm 100 200

1128 fully functional MuPix chips on 70 modules
@ < 0.1% x/Xo per module layer
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https://arxiv.org/abs/2009.11690

The beauty of simplicity

Simplified detector construction with highly integrated sensors

__~ HV guard ring

Type0 connector

HV-MAPS

barre|
pigtai

Flexprint

decoupling
capacitors

Kapton G S e _
support source b . o

NTC
wee P

source

ATLAS X ITk
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https://www.semanticscholar.org/paper/Module-and-electronics-developments-for-the-ATLAS-Nellist/9a8355e68bbf35911c23a46e93a53bdf721ff08b/figure/0
https://www.psi.ch/sites/default/files/import/mu3e/TalksEN/SchoeningVertex2016.pdf

Moving from single sensors to a production PhD thesis

Understanding perfomance fluctuations

o = P

s [
Tested sensors from 7 wafers > 0 oo o000 °[®® o0
! b —_ - fe) @) L
. . L —10 L ©
[ * Only 2 with good yield :. 2 of © ° e
‘[ © . __
| » Others show varying sensor ) ‘;3 - o
L\. performance )\ g 0.8
i L. . . = - 00
|  * Traced down to dicing/thinning T T :
1, process | g; 0.7~
\1 « Company fixed issue i g 06l
| . . . 1 s [ o
» Wafer probing for final production / 5 o
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http://archiv.ub.uni-heidelberg.de/volltextserver/25785/1/dissertation_lennartHuth_printedVersion.pdf

Back to the future - Generic
R&D at DESY and its future

Many ideas but no | ;;‘ Generic Sensor R&D /

;|\ experiment proposal at DESY | { Infrastructure Improvements }




events

200

180

160

140

120

100

x10°

Improving the time resolution of the beam telescopes

TelePix: An HV-MAPS as a trigger and timing plane

|III’|I]]IIIIIIII|III|]IIII[IlIIIlIIIlI

tracksPerEvent
Entries 997091

Mean 3.462 | | « HV-MAPS as trigger and timing layer

 Trigger on OR of all unmasked pixels
Collimator + Full EUDAQ2 + AIDA TLU support

CLUSTER OF EXCELLENCE

2\ | UNIVERSITAT % (I
)7 | HEIDELBERG I
ZUKUNFT [N\

SEIT 1386 Karlsruher Institut fir Technologie
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tracks
QUANTUM UNIVERSE
DESY.
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StdDev 2319 |1, p| of QU-funded project (ca 80k EUR invest) |

Pixel masking
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Improving the time resolution of the beam telescopes

Performance results: Efficiency

- 7 Run2021-CMOS

1w = sy an sy gacay oy

i " mqqz%u § Runz021-NMOS Studied 4 amplifier flavours ‘

B v A0 - b
0.81 P . I Runzozonwmos Run2021 outperforms Run2020 |

i v o ! Run2020-PMOS L |

i . - | -> Improved biasing

s Y A Publication | . . ,
0.6 v . | « CMOS version optimal: ~200 mV §

- . ‘o I operational region |

- O

| M O : :
0.4 cwmos " | -+ Noise 0.01 Hz/pixel (2.5e-19/BC)

—  operational v R |

- . v v O
0.0- region s AD

e |, ’ |v Yviv, | |A 4 = N
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https://doi.org/10.1016/j.nima.2022.167183

Improving the time resolution of the beam telescopes

Performance results: ROI trigger and timing

Preprint submitted to NIM-A
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track

ROI trigger and data stream show excellent time resolutions

=> Full scale sensor expected back December, to be put in operation in 2023
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Tangerine - Towards Next Generation Silicon Detectors

MAPS in a new 65 nm imaging process

Helmholtz Innovation Pool project (2021 - 2023)

Investigating new technologies for future (lepton)
collider experiments

Two structures tested:

« DESY CSA Test Chip

* Analog pixel test structures (APTS)
Test beam studies at MAMI, SPS and DESY

;‘\_‘

25 iy SF :L:m] =gd pm AMPr iNIKHEr?'

o

H QOSPF"‘ Pﬁg ?-Osi;”‘ M TOpmAMP

(e | S IE 38 niEE 100 '-20pmAMP
N i k h ef & Science & Technology Facilities Council
Imm "b: pc'".?eﬁ CPP @ Rutherford Appleton Laboratory
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Readout integrated into EUDAQZ2 via Caribou
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DESY CSA chip

T e o WA TS PP L bt e

amplifier & Krummenacher Feedback

* 16.3 uym pitch low event rates

~« Efficient only underneath electrode - 'E m.
: £ With this alignment — we almost match the pixel pitch
- Miscommunication during design phase -~ Needs some more work g o
‘ 5B —{35
- =30
- 25
E | 2
= 15
102.1;—& -
10%% 1 |

1 [ 11 1 1 ] 1 - 1 l 1 I 11 L1 l 1 11 1 l 1 1 1 1 11 l
.3 115.4 115.5 115.6 115.7 115.8 115.9 116 116.1
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Track positions with signal on MLR1
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Analog pixel test structures (APTS)

TCAD - Finite Elements simulation

Publication Publication I,

Three design flavours with different | i i
field configurations — —— =

Studied in TCAD, Monte Carlo, N SRR
laboratory and test beam

in-pixel Y s KM

Consistent results for all three

-> Verified simulations can be used to
engineer sensor layout and
performance

- Continue the Tangerine efforts
beyond 2023

Qo 12 14 16 18 20 22 24 26 28 30 15
X [um]

: DESY Il Test Beam
/A 2.
Ipix® - Monte Carlo TelePix as ROl trigger
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https://reader.elsevier.com/reader/sd/pii/S0168900222004508?token=EC199081FC4916FEF34AE9C169B3645C8544739EB98DE702708C6EB573E678380A9C268E21E8D1CB6EED7665B81DB1B0&originRegion=eu-west-1&originCreation=20221108142646
https://arxiv.org/abs/2210.09810

Potential 65 nm applications

‘/ Medical applications:

*65 nm for Petra IV/IFLASH
| « Monitoring of ion beams (HIT,...) for cancer

therapy = in-situ treatment monitoring Stitching => large surfaces

On-chip intelligence

-> reduce data

/ o
| Particle physics:

Modern process
-=> sustainable
Beam diagnostics (bunch population,...)

| « LHCDb is seeking for a monolithic upgrade of
| the outer tracker

: . + Radiation detection
| » Belle Il is looking for an upgrade

|« Local experiments - e.g. LUXE
|

» Geology = cosmic tracking in deep
q underground caverns

* New telescope

» Particle detectors for schools/education

.f *Higgs factory




,;4
| « DESY provides essential common infrastructure/software |

I « MAPS have shown their potential, that now has to be fully ‘1
explored

'« 65nm MAPS are future-proof = DESY could become
leading institute for future vertex detector developments

Exciting times are ahead for

silicon detector R&D
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Contact

Deutsches Elektronen- Lennart Huth

Synchrotron DESY lennart.huth@desy.de

lennart.huth@cern.ch > TEST
)
.desy.d 49)-040-8998-5362
e o 2 BEAM.
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Measuring bunch structure with a fast timing layer
LYSO crystal to trigger the LGAD readout used to study the bunch clock - beam timing

10°

counts

10°

10%
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¥2 / ndf
T mean first
‘ sigma
ampO
amp1
amp?2
amp3
amp4

5.602e+05 + 1.249e+05

324781 Probabilities
o 30811:1%?)?1'2 Hauptbunch:  99.9915%
5014 + 0.022 1. Nebenbunch: 3.35e-5

2. Nebenbunch: 4.81e-5

18.82 = 4.96 3. Nebenbunch: 3.17e-6

26.95 = 5.89
1.775 + 0.588

r Preliminary

All Nebenbunche equidistant and equal width
in fit. Bunchspacing 2.01ns

mean first

—
S T

148 150 152

154
beam clock - scintillator /ns

fim+s) n
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.14367e-02

47339¢-03

1 1. 3 -3.45151e-06 -1.

2 sigma 3.08078e-01 1.10621e-02 1.73421e-06 -1.38808e-02
3 ampbd 2.01443e+00 2.15818e-02 8.79099e-06 -2.20820e-03
4 ampl 5.60245e+05 1.24854e+05 -3.85852e+01 -1.29486e-09
5 amp2 1.88201e+01  4.95867e+00 -2.0805%e-04 2.84947e-06
6 amp3 2.69452e+01 5.89412e+00 -1.55420e-83 -7.95977e-06
7 ampé 1.77495e+00 5.87509e-01  2.96536e-04 -5.82792e-05
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Large Scale HV-MAPS MuPix8
fulfilled all specifications:

| Technology |
choice |

» x2 / ndf 21.69/19
£ F Constant 642.9+9.5
S 600[— Mean 6.465 + 0.008
g Sigma 0.4812 + 0.0063
High Voltage Monolithic Active Pixel Sensors (HV-MAPS) ol
) . Mupix moi—
255x255 pixels, 80 ym pitch | A T
[ [ [ [ Time Resolution [ns]
In pixel amplifier and line % * % k
. HV HV HV HV
driver . . . - g 1: . Vv . v" - Y eff?ciencyj :E
. . . ‘o v A noise 3
Point-to-point connection to |, .10que signal transmissio ./\ %095;‘ v Jo s
periphery Tt i s
3 3 3 » i ©
[l L] [ . m
Digitisation, threshold % e
trimming, time stamping GaA e
! ! ! ! e
i 7 ] ] ' L ; s : Ly
Zero suppressed d.ata driven Flh>_° o F[h>‘mga P_D o —rt[r?_mgi . | i
readout @ 1.25Gbit/s LVDS | o s s | S T
Digi Digi Digi 40 60 80 100 120 140 160 180
DESY. thr. thr. thr. tor Colloqui : threshold / mV 31




The Mu3e detector

Recurl pixel layers / \

Scintillator tiles

YYYYY

1 Bea

Inner pixel layers
Y pd

m Target ¢

I

Scintillating fibres

LY L

DESY.

Outer pixel layers
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Mu3e physics

DESY.

mass scale A (TeV)
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