TriN . _{

High Voltage Monollthlc Actlve P|er Sensors

André Schonln &
University Heidelberg (Pl) \\_f'

; P 4 X -
- ¥ i .,’ L
» b A
B ¥y —_—
, & . ) % = _ - 3 ’ —
3 # " . . -
4" — e .

\ ‘ NuFact 2021 Cagllarl 6.-11. September 2021 ;

v'

A. Schoning, Heidelberg (PI) NuFact 2021 Workshop 8. Sept. 2021




Hybrid Pixel Sensors

example ATLAS@LHC
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Monolithic Sensors

example Mu3e@PSI
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active matrix

periphery & pads
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Monolithic Active Pixel Sensors (MAPS)

* silicon pixel sensors allow for very high particle rates
(in contrast to gaseous tacking devices)

 monolithic sensors allow for the construction of ultra-light tracking detectors

> MAPS are interesting for particle physics experiments at “low energy”
(sub-GeV regime)

MAPS are usually produced in an industrial
CMOS process. Benefits:

» standardised design and simulation tools
 profits from process miniaturisation

* high level of integration possible
— system on a chip or “smart sensor”
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Charge Collection in MAPS
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e.g. High Voltage — Monolithic Active Pixel Sensor
(I. Peric et al., NIM A 582 (2007) 876)
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HV-MAPS Charge Collection

p-substrate

electrical field Dep!etion
up 10° V/icm =—_ area

p-substrate

with bias voltage

“depleted MAPS”
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High Voltage - Monolithic Active Pixel Sensors
(HV-MAPS)

signal
Commercial HV-CMOS process e 1 Pmos mel.  NMOS
« foundries: AMS or TSI : * * ; ! *-.-* - *pWT
* design rules for up to 120V @E n-well
« triple and quad well possible TNE depleted p-substrate
* reticle sizes of about 4-5 cm? S

standard substrate 10-20 Q cm

(can be changed)

® \® (modified from F.Erler, KIT, 2021) E

charged particle

Main Features
» depletion thickness determined by substrate resistivity and bias voltage: d ocyp-V
* HV-MAPS concept allows for high fill-factors (all pixel electronics is inside the diode and floats)

 digital CMOS (PMOS) circuits can be placed over the active depletion region by isolating
the PMOQOS transistors from the charge collecting pn-diode with an iso-p-well

* noise is typically 80 -100 e
* MIP signal is ~800 e per 10 pm depletion

A. Schoning, Heidelberg (PI) 6 NuFact 2021 Workshop, 8. Sept. 2021



Depletion and Bias Voltage Relation

50

depletion 320 Ohm cm 160 Ohm cm
thickness
40 A
80 Ohm cm
—~ 30 1 i
= m_,r‘""
E et 40 Ohm cm
x e finld i
o 20 A OVV 1110 ——1- .
— high field —41 20 Ohm cm
P ~__-r~~ | | 100hmcm
10 - = e
= e — avalanche redion
0 — M""""'ﬂmrﬂ 1 1 1 1 1 1
0 20 40 60 80 100 120 140
U (V) bias voltage

Low resistivity substrates provide high charge collection fields and small depletion

— allows for thin sensors
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High Rate & Continuous Readout

MuPix :
Pixel each pixel ; Periphery . each pixel ~ State Machine Maximum readout rate is
sensor CSA o = VCO 33 Mhits/s per link
' g:’; readout &
| ‘ ‘ ‘ ‘ {>_{[ : 5 : state PLL
| ‘ ‘____‘ ‘ (% . machine § - link A
T b : | —T - link B
R E —|§ g:élgl;r - serializer ———4 | link C
injection I tune ~. _ e’ -
s threshold  DAC =7 .
. o MUX | link D
amplification :
integrate /\ line driveli ‘E)herregir)l(;ld ‘ ‘ digital output
charge ' _ ) E | . . .
: el serial link 1.25 -1.6 Gbit/s
MuPix8 | ‘ _ _ N
Sensor Ii | periphery & SM eye diagram A

L T

MuPix series is the first monolithic pixel sensor with continuous sampling and readout!
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High Rate Characterisation Studies (MuPix)

Single hit efficiency measured in the highly focused e beam at MAMI (Mainz)
« E_=875MeV

 Beam spot size 0 ~ 0.5 mm

e [
3 corresponds to
;‘Ej 0.998 ~ 10° particles/cm?
L
0.996
0.994F small decrease of single
- hit efficien
= MuPix7 | tg ciency QUe to
0.992fF- In-pixel deadtime
3 (electronics)
099+ . 1 . . PRI
0 0.5 1 15 2 25

Rate [MHZz]
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Neutron Irradiated ATLASpix1 (HVMAPS) sensor

—
—

> [
% = no tuning [AS et al., https://pos.sissa.it/373/024/pdf
© 1.05—
o F
1—o o PY
= -2 ' ? .
0.95— v
— /]
0.9 O 5.:10* (1 MeV) neg/cm? g
0.85 f— ® 10® (1 MeV)neqg/cm?
08— ¥ 2.10% (1 MeVv)neg/cm?*  pixel size = 40 x 135 pm?
0.75 F— thickness = 62 pum
— substrate = 80 Qcm
TE :
Ve bias voltage = 60V
L temperature = 5°C
06 : 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1
60 80 100 120 140 160
threshold / mV

* fluence of 10*> neg/cm? corresponds to ATLAS @ High Luminosity LHC at radius of ~R=30cm
 similar results for proton irradiation [https:/pos.sissa.it/373/024/pdf]
> 180nm HV-CMOS process is very radiation hard (- trapping in the bulk is negligible)
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First HYV-MAPS Summary

» 180nm HV-CMOS process has a high integration level (smart sensor), is

relatively “cheap” and allows to construct large scale pixel detectors (>1m?)
at reasonable price

> sensors can be thinned to 50 um (or even less) and are therefore suitable
for particles physics experiments at low energy

» HV-MAPS have intrinsically an excellent timing resolution, provide high
speed readout, are very radiation tolerant and ideal for high rate applications

* HV-MAPS can also be used for beam monitoring
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g ~ Alexandr Kozlinskiy (Mu3e Overview)
Mu3e Experiment @ PSI [ o tnearaton Run posten

Aiming for a sensitivity (SES) requires:

BR(u —>eee)<2-10" (phasel) — 10°muons/s (PIiES5) ~next 5 years

BR(u—>eee)<10'  (phasell) — >10°muons/s (HiMB) R&D

HiMB = High intensity Muon Beamline (under study)

Mu3e phase | design
r P g BR(M — eee) <107 (90% CL)

SINDRUM experiment (1986)

Pixel Tracker

\

Scintillating

Fibers Scintillating Tiles
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Accidental Backgrounds

=> scale with muon rate

» Overlays of two ordinary gu* decays with a (fake) electron (e)
 Electrons from: Bhabha scattering, photon conversion, mis-reconstruction

~-a
-
~

e+
Need excellent:
~ Vertex resolution example for Bhabha pileup
-~ Timing resolution

= Kinematic reconstruction
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Mu3e Design (Phase )

tracking of electrons (positrons) in low momentum range: p_ < 53 MeV/c

- long cylinder! -
~120 cm
Recurl pixel layers /\
Vi N i
[TIIIITITIIITIIT (T T I T
Scintillator tiles Inner pixel layers
X i
p, ~ 28 MeV/c > 1Beam Target é signal y* —- e*e*e ~15 cm
/
Scintillating fibres
[(TTTTTT I T [TTTTTT T TITTTT]

\ L

\/ Outer pixel layers
not to scale!

* 4 layers of HYMAPS (MuPix) in central part
* 2 layers of HV-MAPS (MuPix) upstream and downstream (recurl stations)

e pixel size 80 pm x 80 pm - resolution o ~ 23 pm
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Mu3e Design (Phase )

transverse view:

Recurl pixel layers /_\
— ﬁ\ = :
Scintillator tiles Inner pixel layers
\ 7 T

1 Beam Target é

Fi

V\F‘FL’

D ulating fibres

AY 7

\_/ Outer pixel layers

+ strong magnetic field (B=1T)

: : iIn helium atmosphere
+ helium gas cooling _ low dE/dx
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Mupix Design & Specifications

20mm

active matrix

DATA| Power

periphery
3mm

Readout

PDWEI’ Test Pads ... HV

@ Conf Bias Block(s)
© Regulators, Power-on Reset
o SC-SM VDACs
(%]
=)
S| == ] [TDiode] [IVDST[RI] [ABC |[Toiode ]
Y
- |

A. Schoning, Heidelberg (P1)

20mm

sensor dimensions [mm?] <21 x 23
sensor size (active) [mm?] ~ 20 x 20
thickness [pm]| <50
spatial resolution pm < 30
time resolution [ns| <20
hit efficiency [%] > 99
#LVDS links (inner layers) 1 (3)
bandwidth per link [Gbit /s] > 1.25
power density of sensors [mW /cm?] < 350
operation temperature range [°C| 0 to 70

16
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Mupix10 Performance (Preliminary)

50 0.92

noise << O 1 Hz/plxel 0.91

0I|III|III|III|III|III|IIIiIIIiIIIiIII|III Olllll.\.lllllll I|IIIII-|IIII| 09
20 40 60 80 100 120 140 160 180 200 50 100 150 200 250 '

threshold / mV column address / pixel

0.2

High voltage & threshold scan of 100 um sensor - — 1
3 e e B | 10.99
& ¢ wOIR Bl ~300Qcm [eov 2 o00f
kS i -80V 0 200 —0.98
© IR T . N N W AN VS, N | | |e-ov et i
0.8f : R o :gﬁ : -10.97
B = 5 5 : L [*-50V = S ]
060 AR fo-sov g 150 Preliminary 0.9
i «  |+sov - L —0.95
0.4 Prehmmary I LN NN NN L 1001 0.94
T N i | N 0.93
i DESY 5 Gev e OO i pixel efficiency map

o

* threshold of 100 mV corresponds to about 1500 electrons
* efficiency increases with HV (depletion zone)

doc\VUp
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MuPix Two-Comparator Design

per pixel
Pixel Matrix

sensor

11

tes?—Eu Is
injection

amplification

integrate \
charge

b

Motivation of 2-comparator design
* use higher threshold for hit validation
* use lower threshold to reduce time walk (ToA)

A. Schoning, Heidelberg (P1)

per pixel
Periphery baseline

-

per submatrix
State Machine

I 4{%

threshold

line driver

per pixel
threshold
adjustment

1%
3 —> VCO
g;" readout &
£ | state PLL
= machine
|
8b/10b ~{serializer =
encoder

- timewalk mitigation

18

high threshold

----------------------------------------

low threshold

P

ToT (high)
TOA (high)
- >

| ToT mix
TOA (low)

(from TDR)
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Timewalk Correction (MuPix10)

(bachelor thesis F.Frauen, Heidelberg)

T 28000 1
O -
% 570000 ;0'9
< 3 uncorrected 0.8
£ 6000 .
o
G 0.6
o 0.5
()]
= 0.4
= 0.3
0.2
: : 0.1
Y00 0 100 200 300 400 0
delay (ns)
T 28000 1
O _—
< 157000 i0-9
0 corrected 0.8
5. 0.7
Ea 0.6
o 0.5
()]
= 0.4
= 0.3
0.2
0.1
300 ang 0

delay (ns)
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#entries

x10°
25E (pixel matrix untuned)
2;_ Ocorr = 8.06
1.5?—
i
g_5f_ Ouncorr = 14.8
L E— 50 100 150 200
TS1-t,/ns
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Time Resolution (MuPix10)

 contribution to overall time resolution from pixel-to-pixel variations if sensor is not tuned
 time resolution of single pixels ~ 6ns:

(bachelor thesis F.Frauen, Heidelberg)

x10°
o 3 —
Q@ — time_resolution_distribution
= - Entries 49862
S 55 Mean 5.953
+ e Std Dev 1.042
2
15
1=
0.5
0 i 1 1 | 1 1 L [ 1 1 1 1
0 2 12 14

time resolution / ns

* further improvements possible by tuning each of the 64000 pixels individually (3-bit tune-DAQS)
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Mu3e Pixel Tracking Detector

Ultra-thin pixel sensor modules (X/X, = 1.15 per mille )
Gaseous He-Cooling System

Overlap
HDI
Temperature S = \ _
Interposer g ' ./
' 47.0

T 421
373
. 324

27.5 : v
I 226 L=
1
17.8

 12.9
Ia.o N simulation

Flexprint €] =

MuPix chips, 20 x 23 mm?

Endpiece (outdated design)
MuPix (HV-MAPS)
o~ — High Density Interconnect Thermo-Mechanical Mockup (vertex)
—— d <100 pm (LTU, Ukraine)

S
Z
=

Monolithic pixel sensor in
180 nm HV-CMOS
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xel Tracklng Detector Prototype

g P Wor tr@s““@) instead of
HighiDEnSityslnteiconnects (HDI)

ph&@ .[m InRlines20218inte atzmgrm run at PSI \§
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Comparison of Tracking Detectors

Pixel detectors

TRACKING DETECTOR STAR PXL BELLEII PXD ALICEITSII Mu3e PTD
radiation length per layer in X 0.5% 0.2-0.5% 0.3-0.8% 0.11%
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Comparison of Tracking Detectors

SINDRUM (1988) — Mu3e comparison

PARAMETER SINDRUM Mu3e
rel. momentum resolution o, /p  (p = 50 MeV /c) 5.1% 0.8%
rel. momentum resolution o, /p (p = 20 MeV/c) 3.6% 0.5%
polar angle oy (p =20 MeV /c) 28 mrad 24 mrad
vertex resolution o4, ~1lmm 280 um
radiation length per layer in X 0.08% - 0.17%  0.11%

MPWC (gas) silicon pixel

A. Schoning, Heidelberg (P1) 24 NuFact 2021 Workshop, 8. Sept. 202:



Beam Position Monitoring with HV-MAPS
for Particle Therapy

Heidelberg lon Beam Therapy Center (HIT)

* ions: p, “He, *C, O
 particle rates up to 4 - 10 per spill (5 sec)
e beam spotc =4 - 10mm

* beam energy up to 430 MeV/u

A. Schoning, Heidelberg (PI) 25 NuFact 2021 Workshop, 8. Sept. 202:



HitPix (Counter Chip) (A.weber, thesis HD/KIT)

Malin specification parameters HitPix
e counter in every 200 pm x 200 pm pixel

* adder for measuring beam profile

* online readout during counting

 radiation hard design ~10%° (1 MeV) nheq
(enclosed NMOS transistors)

A

200 pm

ISO deep p-well process
* allows for implementing CMOS circuitry

over active structures (charge collecting diode). .. _.
NMOS i PMOS( g g )HItPIXIsy

| \ amplifier &

-- counter comparator
shallow & adder /

p-well ]

deep \ i

d " p-well F\\/// | n better (fU")
eep n-we = | | fill factor!

depletion region
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HitPix & HitPixlso Results (A.Weber, thesis HD/KIT)

Row
Count

Hit testbeam (2021) HitPix

* jon type = **C = preliminary
—

* energy = 400 MeV/s
e rate = 2 - 10° ions per second

0 5 10 15 20

Both chip designs work perfectly Colurmn
i i | z = 2
and give consistent results! E HitPixIso £
l—ﬂpreliminary
0 5 10 15 20
Column
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Other HV-MAPS Activities for Particle Tracking
Low Energy High Energy

Sensors:

PandaPix - large dynamic ranged for dEdx ATLASpix - proposal for high luminosity ATLAS outer

TelePix - high resolution timing reference pixel layer (dismissed) - CEPC
layer for beam telescope at DESY CLICPix - high resolution pixel layer for CLIC

MightyPix - LHCDb tracker upgrade for high rate

Projects:

P2 experiment @MESA (Weinberg angle)
— tracking of scattered 150 MeV electrons

SR @PSI: muon resonance spectroscopy for solid state physics applications
— tracking of Michel electrons

Mu3e phase Il and MEG lll at new high intensity muon beamline (HIMB) @PSI - talk by Andreas Knecht

E about 20x higher muon stopping rates — next slides
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HV-MAPS for Mu3e Phase Il at HIMB (PSI)

Design concept similar to phase I, but with longer muon stopping target and pixel modules:

~40 cm ~75 cm ~40 cm —— 40
— _ _ 1 K
Scintillating Tiles
M St ing T: t —— 0
Inner Pixel Layers von Op'_:"”g :E_trge
Fast SiGe pixel layer (cm)
~30 cm
Recurl Pixel Layers Outer Pixel Layers
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HV-MAPS for Mu3e Phase Il at HIMB (PSI)

Design concept similar to phase I, but with longer muon stopping target and pixel modules:

~40 cm ~75 cm ~40 cm —— 40
— _ _ el B
Scintillating Tiles
M St ing T: t —— 0
Inner Pixel Layers von Op'_:"ng ::'_.trge
Fast SiGe pixel layer (cm)
~30 cm
Recurl Pixel Layers Outer Pixel Layers

1. Development of new MuPix20 sensor:

* improved timing resolution of ~1ns (~4ns already achieved with ATLASpix3)
* improved readout -~ daisy chaining of sensors

* smaller pixel size for vertex layers about 50 ym x 50 ym

2. Development of new SiGe pixel/pad sensor with sub-nanosecond resolution (PicoPix):
* 130 nm SiGe BiCMOS process provides fast bipolar transistors
* time resolution of ~100 ps has been demonstrated for this process (L. Paolozzi et al, Geneva, 2021)

Goal is to reduce accidental background at ~20x increased muon stop rates
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HV-MAPS for MEG Il at HIMB (PSI)

MEG Ill @ HIMB could possibly reach a sensitivity BR(p — ey) <10

Sensitivity givenby: B, o R, O (p.) O(E y)2

e-

HV-MAPS inner vertex layer

\ |

U-beam
few - 10° u Is HV-MAPS active stopping target
(assumption) : |
HV-MAPS inner vertex layer
Idea: measure vertex precisey using
an active stopping target (HV-MAPS)
design A
active
E passive : 30 mu
," not detected - to be studied!
y
A. Schoning, Heidelberg (P1) 31

2 search for back-to-back
O( ®e y) topology
Example layout:
24 cm
- -
A
4 cm
\/

2 X 12 sensors a 2x2 cm?
— total stopping area ~100 cm?

design B

activ_e
assive
/ P i 60 mu

passive
active
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Summary

High Voltage Monolithic Active Pixel Sensors represent an interesting technology
e small sensor thickness

* excellent performance

* good timing resolution

* fast readout

* radiation tolerant

Very active field!
* 180nm HV-CMOS process is baseline for several projects (Mu3e, MightyPix @LHCb, P2 @MESA)
* several engineering runs per year (2021: HitPix & others, Telepix & MightyPix, Mupix11)

Future

* Expect further improvements concerning time and spatial resolution, and scalability
* 130nm SiGe process — sub-nanosecond timing

* active muon stopping target?

HV-MAPS are Ideal for particle tracking at low energy and high rate!
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Backup
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PauI-Scherrer Instltut (Schw eiz)

- E:-q-—.___ B e

ngh |ntenS|ty Proton Accelerator (HlPA) ' 2 4 mA rotons at 590 I\/IeV (1 5 MW)

PiE5: Compact Muon Beamline for Mu3e

Muon Beam:
e World’'s most intense continuous muon beam

 Low momentum muons ~28 MeVIc
* PiE5 beamline shared between MEGII and Mu3e

> expect 1.4-10% p*/s at 2.4 mA
> about half is stopped on p-stopping target

- Mu3e Phase |
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Irreducible Background p* — e*e*e vv
and Multiple Scattering

Branching Ratio as a function of cutonm - Ey,  Background scales with energy resolution:
-210-12 §_| ......... ||11| ......... 11111 ......... 11 ..... Fg 71 I,..l ..... rrrrr,f 3 .
= F ' . sensitivity oc o(E)
= . mlssmg energy B
S F from two neutnnos | E * energy (momentum) resolution solely depends
o 5 : . R.M. Djllklbaev i ina:
=Sy N R SR S . VLDJIIKIDasy on multiple scattering:
g10™ £ steeply falllng' "R.V.Konoplich = P J
@ F PRD79 (2009) : G(p)oc ®L
10-15 R T o T a P R L — ] .
= = * momentum resolution scales with material
. - - - N thickness:
m|ssmg energy taken : 6 1 JXTX
P byneutnnos .......................... — ] M5 p 0
- ; * in summary:
10718 Bt o R =
| i sensitivity oc (X/X,)’ °
qote it b [ Lo Loy I
0 1 2 3 4 5 6
m, - B, (MeV) 30% reduction of material results in at least

a factor 3 increase in sensitivity
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Tracking Resolution + Multiple Scattering

» Muon decay (m=105.6 MeV):.

— electrons in low momentum range
p <53 MeV/c

» Multiple scattering is dominant!

limited hit
resolution regime

<~ Need thin, fast and high resolution

i tracking detectors operated at

high rate (>> 10° particles/s @ phase Il)

O, ~ = JVX/X,

1
2

multiple scattering
regime
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Momentum Resolution (Simulation)

A. Schoning, Heidelberg (P1)
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Timewalk in MuPix10

bachelor thesis F.Frauen, Heidelberg

< 28000] 1
2 57000 09

= : uncorrected 0.8

3 |

2

s

% 57000 d

o oo correcte

3 B  timewalk effects from the long routing lines

(analog signal) are large and row dependent
 correction possible with measured ToT

* hit time resolution after correction
— 5-6 ns (prel.)

Y00 T, ' 300 400
TS1-t_./ns
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Mupix10: Pixel Tuning of Comparator Threshold

Pixel Threshold [V]

50 100 150 200 250
Column Column
Untuned pixel threshold distribution. Tuned pixel threshold distribution.

Mupix10 Threshold Distribution

B, g00" 1500 2000 2500~ 3000~ 3500 4000
= - Threshold [e]
LIC.l 1600 RMS (tuned) = 4.7 mV
. . . = 75
» 3 bit tune dac (digital-analog converter) per pixel bt (75
@ tune with charge injection 1000
800
ST . . . = RMS (untuned) = 15 mV
@ significant dispersion reduction 600 ™ (240 e)
400
200

008 01 042 0.14 0.16 0.18 0.2 022 0.24 026
Threshold [V]
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Depletion and Sensor Thickness

180 nm HV-CMOS

*

Metal & Si02 ~15 um

WEERED 6.5 um

Depletion
50 um / docVUp
Detection Diode

max 25 um

2-3 um

* depletion should be “alap”
(as large as possible)

* maximum HV depends
on full depletion limit

A. Schoning, Heidelberg (P1)

leakage current [UA]

1000 +

~300 Q-cm

100 +

01 -

curves show different total sensor thicknesses

nnnnnnnnnn

10

T
20

I
40

T Ll 1
60 80 100

bias voltage [-V]

Measured leakage currents with MuPix10 and ~300 Q-cm substrate

40
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