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2014 to

2019

PhD in Engineering and Advanced Technologies
@ University of Barcelona

= Prototype detector for possible future linear
colliders
= Application in medical devices

PDRA @ University of Liverpool

= New R&D programme to develop DMAPS for
particle physics experiments

= Prototype detectors for ATLAS and Mu3e with
international collaborations

= More generic developments with the CERN-
RD50 collaboration

UKRI Future Leaders Fellow @ University of Liverpool

[ - 4

= Established R&D programme to develop highly performant DMAPS for
future particle physics experiments

= Group leader of the Liverpool DMAPS R&D programme

= Member of several international collaborations (CERN-RD50, LHCb, etc.)
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= Silicon tracking detectors

— Sensor detection principle
— Readout electronics

= Pixels
— Hybrids
— Monolithic Active Pixel Sensors — MAPS
— Depleted Monolithic Active Pixel Sensors — DMAPS
o Commercial vendors
o Low vs large fill-factor

= DMAPS for particle physics

- Mu3e
— ATLAS ITk upgrade
— CERN-RD50
o Main design aspects
o Main evaluation results

= Conclusion
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@ LIVERPOOL Particle tracking
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Pixel size > small (a few pm?) === 5

Radiation tolerance - high (> 10*7 1MeV n,,/cm?)

Time resolution - excellent (< 100 ps)

Material budget - wminimal (< 50 pm)

Power consumption - minimal (~10-100/cm?)

Noise - minimal

Reticle size - large

Assembly process — as easy as possible

Yield — high (and cheap price!!!)
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= Silicon tracking detectors have been used in particle
physics experiments since the early 80’s

= They introduced a significant improvement of the
spatial resolution in comparison to that provided by
state-of-the-art detectors at the time:
— Multi-wire proportional chambers (< 1 mm) il
— Drift chambers (~100 pum) \___

= Two main variants:
— Micro-strips (~10 um spatial resolution)
o 100 channels/cm?
— Pixels (~¥10 um spatial resolution)
o 5000 channels/cm?
o True 3D reconstruction
o Capable to cope with high density and rate
particle tracks
o Capable to survive harsh radiation
environments
=>» Close to the interaction point

CERN server
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= Silicon p-n diode in reverse bias

A G L S
Charg.er.
= A traversing particle creates e7/h* pairs by A A /\ p

ionization

= The electric field separates the e /h* pairs,
which move to the detector electrodes
where they generate signal

= Basic requirements:

— Large bias voltage (V,;..) A

o Larger W - larger signal
o Faster charge collection > > W
o Better radiation tolerance

— High resistivity silicon bulk (p)
— Backside biasing

o More uniform electric field lines

o Improved charge collection efficiency

= The signal is amplified, discriminated and digitized by the readout electronics
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FE-I3 -
ATLAS pixel
readout chip

Bump bond contact,
ng
—\\ - /ﬁ =1 edge

Readout electronics — Block diagram

| o I Priority
cdge logic
Calibfation
charge
injection ROM
(6+1)-bit

" I ocal threshold
Strobe® | Tselect DAC Glo Hit data &
Calibration voltage (40 MHz gray counter)  Arbitration logic

Global (. J
Y

threshold
Bus to column controller

= Charge Sensitive Amplifier (CSA)

— Signal charge integration
— Pulse shaping (feedback capacitor with constant current)

Comparator with DAC for local threshold voltage compensation

— Pulse digitization
— Length of digital pulse determined by time at which the rising and falling

edges cross the comparator threshold voltage (Time over Threshold or ToT)

RAM and ROM memories to store time-stamps and pixel address
In deep sub-micron technologies for high density of integration
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: [
= Sensor and readout electronics on separate wafers l,’
P
= Best technology for the sensor and the readout NE
e I ect ro n ics W 9 depleted bulk silicon
— Very fast charge collection by drift (1 ns) g L e

passivation passivation

— Fully depleted bulk (large signal)
— Radiation tolerant (10'° 1MeV n,,/cm?)

bump

— Capability to cope with high data rates / e,
= 1-to-1 connection between sensor and readout chip e
via tiny conductive bumps using bumping and flip- o
chip technology ]

— Limited pixel size (55 pm x 55 pum)

— Substantial material thickness (300 um)

— Limited fabrication rate (bump-bonding
and flip chipping is complex)

— Expensive (> £1M/m?) — custom wafers
and processing R/O pixel

readout chip

" State-of-the-artfor high rate experiments |\ .. . < cres arxivi1705.10150v3, 2018
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= ATLAS, CMS and ALICE use hybrid pixel
detectors near the interaction point

= Complemented by hybrid strip detectors at
larger radii

= Largest detector systems ever built in HEP
(several m?)

11 December 2019 — Birmingham E. Vilella (Uni. Liverpool) — DMAPS seminar
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oxide

= Sensor and readout electronics on single wafer ~ AMS 0.35 um OPTO
in standard CMOS (low-voltage CMQOS)

— Reduced material thickness (50 um) a l I-LI

— Small pixel size (18 um x 18 pum)
— In-pixel signal amplification
— More cost effective (Y£100k/m?)
— Small bias voltage (V,...)
o Slow charge collection by diffusion (2

us) Pixel = Sensor + simple amplifier
o Limited radiation tolerance (10%3 1MeV
) TowerlJazz 180 nm
/Cm ) NWELL NMQOS PMQOS
DIODE TRANSISTOR/ TRANSISTOR

= State-of-the-art for high precision experiments

PWELL / J\ NWELL j

DEEP PWELL

Epitaxial Layer P- """ %
‘el k)

Pixel = Sensor + complex electronics
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MAPS in HEP (1)

L
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STAR-inner detector at RHIC-\IBNfi;"(?Ql\g) . scains .“.t.,..“...:.......r. ,.,.......;li
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First MAPS application in an experiment MIMOSA-28 [ ULTIMKTE

= MIMOSA-28 / ULTIMATE chip:

Chip size

Total detector area
Sensor matrix

Pixel size

Radiation tolerance

Process

20mm x 22 mm

0.15 m?

928 x 960 pixels (~0.9 Mpixels)
20.7 pm x 20.7 pm

150 krad (TID)

10*2 1 MeV n./cm? (NIEL)
AMS 0.35 pm OPTO

11 December 2019 — Birmingham
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M. Mager, NIM-A: 824 434-438, 2016

: o
Beam pipe @*\: e
S

ALPIDE
ALICE ITS upgrade (2020)
= ALPIDE chip:
— Chip size 15 mm x 30 mm
— Total detector area 12 m?
— Sensor matrix 512 x 1024 pixels (> 0.5 Mpixels)
— Pixel size 28 um x 28 um

— Radiation tolerance 700 krad (TID)
10" 1 MeV n.,/cm? (NIEL)
— Process Towerlazz 180 nm

11 December 2019 — Birmingham E. Vilella (Uni. Liverpool) — DMAPS seminar



@fqy UNIVERSITY

= Sensor and readout electronics on single wafer

in standard High Resistivity/High Voltage-CMOS N B LN\ )
(HR/HV-CMOS) \ pwell
— Reduced material thickness (50 um) - 1'. n-well
— Small pixel size (50 pm x 50 um) ‘l' i
— In-pixel amplification —_——

/ particle track

— More cost effective (Y£100k/m?2)

— Larger bias voltage (V,,..)
o Fast charge collection by drift (15 ns
time resolution)
o Good radiation tolerance (10*°> 1MeV
Neo/CM?)

— One limitation: The chip size is in principle limited to 2 cm x 2 cm, although
stitching options are being investigated

= Next generation

11 December 2019 — Birmingham E. Vilella (Uni. Liverpool) — DMAPS seminar
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= HV-CMOS processes originally used for driving
automotive or industrial devices

= 2007 - First publication of a HV-CMOS detector
chip (test chip in 0.35 um HV-CMOS process from

> e 4

Particle

AMS) |. Peric, NIM-A: 582 876-885, 2007
— Small pixel matrix
— Pixels = Sensor + pixel electronics (CSA, discriminator and digital storage)
— Pixel electronics in the deep n-well
— Successful measurements with X-ray and beta radioactive sources
— HV contacts at the top side

= HV-CMOS processes are attractive for particle physics because

— Silicon bulk biased at high voltage (e.g. -100 V)

— Multiple nested wells to isolate the low-voltage CMOS readout electronics
from the bulk

— Commercially available (i.e. fabrication is low-cost and reliable, there is
availability of multiple vendors and large scale production)

11 December 2019 — Birmingham E. Vilella (Uni. Liverpool) — DMAPS seminar
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e .‘Efi; o
Foundry - Tﬂw_:Rjall Q TSI
Parameter { -FOU I'"I 3 =V .. Global Specialty Foundry Leader SHMICONDUETORS
§ SRS CoMPNY
Feature node 150 nm 180 nm 180 nm
HV Yes No Yes
HR Yes Yes Yes
Quadruple well Yes Yes No (triple)
Metal layers 6 6 6
Backside processing Yes Yes No
Stitching Yes Yes Yes
TSV No No -
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DMAPS - Large vs small fill-factor

Sensor cross-section &

Parameter |

charge
signal CMOS

electronics

=

CEEmEE i
pw - J]

deep nwell

p - substrate

o

CMOS
electronics

p - substrate

Name

1) p/n junction

2) Substrate biasing

3) Substrate resistivity
1) + 2) + 3)

Process

Large fill-factor (HV/HR-CMOS)
p-substrate/large deep n-well
High voltage
<2-3 kQ-cm

No (little) low-field regions
Shorter drift distances
Higher radiation tolerance
Larger sensor capacitance
Larger noise & speed/power
penalties

RO in charge collection well

AMS/TSI and LFoundry

Small fill-factor (HR-CMOS)
p-substrate/small shallow n-well

Low voltage

<8 kQQ-cm

Low-field regions

Longer drift distances

Lower radiation tolerance
Very small sensor capacitance
Reduced noise & power

RO outside charge collection
well

Towerlazz

11 December 2019 — Birmingham
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/ = First DMAPS application in\
e outer pixel layers

an experiment (2019+)
. ——= = Requirements:
| e T — Low material
= ‘ fargefl 50 um
o = — Good time resolution
< 20 ns (for pixels)
— Fine segmentation
80 um x 80 um /

| (% 2024 " |
2030 |

scintillating
fibres =% '

[

r R =1082mm

EXPERIMENT

w
Cancelled
{ e 2035+
R=371mm TRT the I ] acker in
R =299mm l[ | I| III

RDSO V.
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Mu3e — Pixel detector history

Prototype | Year Ac:imvc:;;ea Functionality Main features
MuPix1 2011 ( 1.77 Sensor + analog RO First MuPix prototype
MuPix2 2011 | 1.77 Sensor + analog RO
MuPix3 2012 | 9.42 Sensor + analog/digital RO | First digital RO
MuPix4 | 2013 | 9.42 Sensor + analog/digital RO ;’:’;’;k;?fgdigita' RO and time-
MuPix6 2013 | 10.55 Sensor + analog/digital RO
First MuPix prototype with
MuPix7 2014 110.55 ?;)rca(?lljllIryEIri\;anr:Iifcehai‘zucr:i;) ::ear:grr;c?s: igsa(i‘l:sctkserial RO
(1.25 Gbit/s)
MuPix8 | 2017 | 160 Large SoC alr:; ';“\Cgecc')\fr“eiit’iopr:"towpe'
MuPix9 2018 | 17.2 SoC Voltage regulators
MuPix10 | 2019|479 Full size (reticle) SoC First full size SoC

11 December 2019 — Birmingham

E. Vilella (Uni. Liverpool) — DMAPS seminar
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MuPix8 - General design features 128 columns

= Engineering run in the 180 nm HV-CMOS process
from ams (aH18)
= Shared with ATLASPix1 (MuPix8 is ~¥1 cm x 2 cm)
= Fabricated in 2017
= Fabricated using 3 different substrate resistivities
— 10 Q-cm, 50-100 Q-cm and 100-400 Q-cm pixel matrix
sub-

MuPix8 - Chip details submatrix | submatrix AT

=  Matrix with 128 columns x 200 rows i ; b
= 3 matrix partitions (sub-matrices A, B and C)
= 81 um x 80 um pixel size
= Analog readout in pixel cell
— Charge sensitive amplifier
= Digital readout in periphery
— Discriminator
— 6-bit ToT
— State machine (continuous readout)
= Time-walk reduction circuitry “““"“pias blocks & pads
= Serial links < 1.6 Gbit/s 10.8 mm
= Power consumption ~250 mW/cm? J. Kroeger, MSc thesis Uni. Heidelberg, 2017

19.5 mm
200 rows

digital periphery

11 December 2019 — Birmingham E. Vilella (Uni. Liverpool) — DMAPS seminar
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Functional block diagram of the chip architecture

per pixel per pixel per submatrix
Pixel Periphery . State Machine
baseline "
sensor CSA - %’_E VCO
}— 5 > readout &
’ | ’ | ’ [ comparator 1&2 s state PLL
| ’ | | | « © machine
e ) readout .
T == [
= “ ?} 8b/10b | | serializer L
test—pulsa encoder
injection tune
threshold DACs
amplification

integrate /\ line driver fﬁégﬁ;l q | f\ ‘ digital output
charge
J adjustment L

H. Augustin, arXiv:1905.09309v1, 2019
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Time-Walk (TW) 54
= Whatis it? Variation of the response time of ;
the readout electronics depending on the ol T.,—
number of e /h* pairs collected by the sensor f—g
TW correction — Two-threshold method ” /
= Two comparators with two threshold voltages:
— VTH1 is very low (close to the noise level) Time Walk time

- it delivers a time-stamp with small TW  R. Schimassek, IEEE NSS/MIC/RTSD, 2016
— VTH2 > VHT1 - it confirms that the A
flagged time-stamp corresponds to a real
signal and not to noise
* Measured results show the TW can be heshadz |+
reduced to ~6 ns

Voltage

Y

Time

TW correction — Other methods

® Increasing the response rate of the amplifier ™ T [ Hold TimeStamp
(CACTUS, RD50-MPW?2) ] |

= Time-walk compensated comparator ma — O ] ?ﬁf;geswmp
(HVStripV1, H35DEMO) H. Augustin, PoS (VERTEX2017) 057

= Sampling method (LF-ATLASPix, CERN-RD50)

11 December 2019 — Birmingham E. Vilella (Uni. Liverpool) — DMAPS seminar
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= Measurement with MuPix8 + scintillator and a Sr90 source

= Time resolution = Time difference between the hit on MuPix8 and scintillator

— 20
E B complete chip row <20
s L
5 18 [ © uncorrected * uncorrected
o |
% 16 :_ o delay corrected ¢ delay corrected
E — delay + tw corrected delay + tw corrected

14—
(T Tttt AEmmm—m—————— Cooo Tt FEmm————————= o I 1 .
r b g . 1 Matrix level

12—
N TS Y N N S S S 1 o=14ns
If—-‘lf).:—_- """" ""““"'..'...'_E.T..' """"" "'“"T.T.T""““T..';:..'_“" "}
- o X ' g y I Pixel level
{--8.;-‘---*--'-----'-'---i-'-----'-'----'------‘-‘----‘-‘-----‘-‘----‘-‘-----1-"
rF ' Pixel level with ToT
I - I .
N o | , i correction (0 =6.5
T U ———— e ——————— e————————— Femm————————— ——————————— ! ns)

.F | I I

Thr T o Thr T on Thr T o Thr T Loy, or
5, Om 2 5/7”/ SSOQ)V 35/7”/

H. Augustin, arXiv:1905.09309v1, 2019
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MuPix10 — General design features

L4
32
(/

= Engineering run in the 180 nm HV-CMOS process from TSI

= Submitted in December 2019
20mm

Figure not to scale!

Pixel Matrix

20mm

Pixel Periphery
Bias Block Bias Block GIER: N | TDiode | . .
VDACs weom | Sub-Matrix Periphery

Regulators, Power-on Reset TDiode _ Common Ch'p Pe”phery

A. Schoening, VERTEX WS, 2019
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ATLASPix1 - General design features

= Engineering run in the 180 nm HV-CMOS process from A
ams (aH18)
= Shared with MuPix8 (ATLASPix1 is ~¥1 cm x 2 cm)

ATLASPix1 — Chip details = 3 sub-matrices

=  ATLASPix_M2: Triggered readout + no deep p-well
— Matrix with 56 x 320 pixels

— 60 um x 50 um pixel size - g
— Trigger buffers (latency < 25 ps) E x
= ATLASPix_Simple: Continuous readout + no deep p-well £ %
— Matrix with 25 x 400 pixels : 3
— 130 um x 40 um pixel size :2
— 300 mW/cm?
=  ATLASPix_IsoSimple: Continuous readout + deep p-well
— Identical to previous matrix, but with deep p-well
= Discriminators in active pixel cell
= 10-bit TS (double check) and 6-bit ToT v (= _ " d——
= State machine triggered untriggered
= Serial link < 1.6 Gbit/s A. Schoening, VERTEX WS, 2018

11 December 2019 — Birmingham E. Vilella (Uni. Liverpool) — DMAPS seminar
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Traditional cross-section - ~10.8 mm .
Isolaltte_tlj'_P|Il\/l_|OS Isolated NMOS A .
- . = . w -: R R ”i:-zif*:é'%*%:féiu?;-éf‘;3
L ﬂ ittt h | ,;'.
Deep n-well :

Collection electrode

o [l
nMOS comparator Q a [t
N o =3 11
P-Substrate £ E .g .U—)
£ 3! ) O ittt
: 2 oy x wll
New cross-section = %) a il

Isolated PMOS Isolated NMOS ? < )] o

— - (d)p)

A 0:A. 3 B | E

=

NW NW W NW < =

P-implant <

Deep n-well
Collection electrode

CMOS comparator | _ ]

P-Substrate triggered untriggered

l. Peric, TREDI WS, 2017 A. Schoening, VERTEX WS, 2018
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ATLASPix1 — Efficiency

Test beam campaign at Fermilab and CERN (before/after irradiation)

= 200 Q-cm
" ® 60 um thin
= 60 V bias voltage

Residuals

= 60 um thin

= 65V bias voltage
= Good alignment

L 108
u =-1.02 um u =-0.45um 10
o=1137um o= 16.09 um
108 4 1=124.17 um | = 38.76 um L 107
forg = 0.004 forg = 0.0018
F 106
106 -
1 E 105
wn I\
[ J 1
= i 1
+ Ty {1 F 10*
W qn4 ( 1
10
/ \ ;A
' ‘ \ F 10°
! 1 [
[ 4 [ II' .I L 2
102 4 /rﬂ \m\ / \1\ 10
o™ L rqf«'mii v lh 10!
10° 10°

=200 0 200
V Residuals / um

T T T
=200 0 200

U residuals / um

M. Kiehn, 2019
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200

100 |

1.00

FE-14 telescope -FERMILAB data 2018 (» *, 120 GeV)
AMS-H18, ATLASPix 200 O*cm

Run 830; Bias = 60 [V]; Threshold = 0.875 [V]

0.98

Global efficiency = 99.65% 0.96

10.94

0.92

o
©
o

0.88
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M. Benoit, PIXEL WS, 2018
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ATLASPix1 — Efficiency

Test beam campaign at Fermilab and CERN (before/after irradiation)

= 80 Q-cm samples
= 60 um thin
= 60V bias voltage
= 10° C temperature
1. 04
1.02fa
1E-
0.98 Vg
0.96
0.94 n
0.92
0.9
0.88
0.86

| ¥ Efficiency
A

| A Noise A A A

11075 neg/cm?2

lllllll

70 80 90 100 110 120 130 140 150

threshold / mV
= Very high efficiency after 10'*> n_,/cm? fluences (threshold dependent)
= Low noise (dominated by single pixels)

- > - =
- o - ]
d E, 1.02} a
§ 1: 2 ’ 1015 neq/cm2 j
mogs” A ]
110 T A Y
] 0.96f Y :
i v
y 0.94 : < 3
0.92F 2 :
1 0.9
. A
Y.3 088 3 4 thcuency 4 v —j
A: 086_ A Noise A A &
111111 VE- L e PR P :
70 80 90 100 110 120 130 140 150
threshold / mV

10

noiserate per pixel / hz

L. Huth, 2019
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ATLASPix3 - General design features A

= Engineering run in the 180 nm HV-CMOS process
from TSI

= Total chipareais2cmx2cm

= Fabricated in 2019

ATLASPix3 — Chip details

= Matrix with 132 columns x 372 rows

= 150 um x 50 um pixel size

= In-pixel comparator

= Column drain readout with and without trigger eV
= Trigger latency < 25 ps Et

= Radiation hard design with SEU tolerant global - 50 1 >

memory R. Schimassek, Mu3e collaboration
= Serial powering (only one power supply needed) meeting, 2019

= Data interface is very similar to RD53 readout chip
(ATLAS)
= Power consumption is ~200 mW/cm? (with 25 ns time resolution)
= Very initial measured results available
= Expected radiation tolerance is 100 Mrad and 1 x 10*> 1 MeV n,,/cm?

18 mm

11 December 2019 — Birmingham E. Vilella (Uni. Liverpool) — DMAPS seminar
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LF-MonoPix1 - General design features | PADs+ Serializer +LVDS driver _____
.
= Large MPW run in the 150 nm HV-CMOS process -
from LFoundry
= Total chip areais 10 mm x 9.5 mm Pixel with R/O logic
= Fabricated in 2016 et

(7 designs)

= Fabricated using a 2 kQ-cm substrate resistivity

LF-MonoPix1 — Chip details
=  Matrix with 129 columns x 26 rows

" 50 l-lm X 250 llm pixel Size Chip Bias, Configuration & Monitoring
= |n-pixel analog and digital readout electronics

= State machine (continuous readout)

Token in

(from previous pixel)
e it eieieleieielinielieielinielsieinlntoiel Heieteleiebeleieteleieleleininls feleieinlnieleleinisluied Sk~ (oiuiinintel o elnieielieinieieieluieteliellebetel o (Vo]
| i
; o
; @\l
3 D
3 LE Read[nt >
i | = - o
! s Q r—sls a L a T|E ‘ o
i R Q@ R Q EN @ —".’—‘ E 8
' | '
1 1% latch HIT flag M_x_. |
| [ . pr RO~ | -
i Readint ' | 3 WO
[} uo
e e L c <
Token out g >
(to next pixel) >
Freeze Read 8-bit time stamp Co:;;ntr:itl;us = E
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Test beam campaign at ELSA with 2.5 GeV electron beam (before/after irradiation)
T T

°

100.0
97.5
95.0
1 92.5
190.0
187.5
185.0
82.5

Position [zm]

Efficiency [%]

H -_=-
-2000 V=200V

Vpias = 130 V 80.0
_— non-irradiated  1x10*>n_/cm?, n 77.5 ) ]
- >99% > 98% 75.0
-500 0 500 -500 0 500 ”
Pos. [pm] Pos. [pm] P
T. Hirono, 2018 -
= Most Probable Value (MPV) decreases after
10" n,,/cm?*fluences, but very high efficiency T. Wang, 2018
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Standard TowerlJazz process Modified Towerlazz process
NMOS  PMOS " ELECTRODE NMOS  PMOS  "'CLECTRODE |
- - T e . — L O e - e e
PWELL | NWELL b--t | PWELL | NWELL . PWELL | NWELL | PWELL | NWELL |
DEEP PWELL ' DEEP PWELL DEEP PWELL DEEP PWELL

LOW DOSE N-TYPE IMPLANT

DEPLETION
BOUNDARY
DEPLETED ZONE ‘ DEPLETED ZONE
DEPLETION | :
P EPITAXIAL LAYER . . BOUNDARY P EPITAXIAL LAYER !
Sr-90 source tests _. - "y V- 5noeys, 2017
— - . )
Signal amplitude « — — Slgnal rise time
0.035
g o Unirradiated MPV = 18937 +/- 0122 mV § 0.22 Unirradiated Peak = 16.67 sigma 1.96 ns -
9 0.03:— lel4 neq MPV = 19499 +/- 0.147 mV o 02 sigmalpeak = 11.76 %
g c - lel5 neg MPV = 15.904 +/- 0124 mV g 0.18 lel4 neq Peak = 16.03 sigma 2.10 ns -
® 0.025 :— "é 0.16 sigmalpeak = 13.10 %
Z n = 014 lel5 neq Peak = 18.98 sigmma 2.78 ns -
I 0.02H s - sigmalpeak = 14.63 %
s F € 012 ¢ -
0.015 Vsub = -6V 0.1 Vsub = -6V
0.08
b
0.01 0.06 )
0.005K* 0.04
. 0.02
00 10 20 30 40 50 60 00 10 20 30 40 50 60 70 80 90 100
Signal [mV1 Charge collection time [nsl

|. Berdalovic, 2018
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Modified TowerlJazz process

NWELL COLLECTION

NMOS PM_OS _ELECTRODE = -
L B e - oy ST
[ R PWELL | NWELL
DEEP PWELL — -
LOW DOSE N-TYPE IMPLANT
DEPLETION
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pixel Y-coordinate

LIVERPOOL

10 12

ATLAS -

Extra deep p-well implant
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= An international R&D collaboration aimed ATLAS Inner Tracker Fluences at the HL-LHC
at developing radiation hard semiconductor £ ) P bkl
devices for high luminosity colliders: §10 <__’ T prerseapion £
— High Luminosity-LHC (HL-LHC) 5101 R T R ST oo B
= >10% 1 MeV n_,/cm? %10%.___‘ E 10
— Future Circular Collider (FCC) gmll""nﬁ_ B s e = = o
=> >7x10" 1 MeV n.,/cm? 51013‘ H"““-—-—p-.::b i
= Detectors used now at LHC cannot operate 02‘0 4'0 - GO' ‘ '80 .
after such irradiation. CERN-RD50 is Radlus fom beamiine o]
studying new structures: |. Dawson, ATL-UPGRADEPUB-2014-003,
2014

— Nin p sensors
- 3D

- LGAD

— DMAPS

= CERN-RD50 work package to develop and study DMAPS with high priority:

— ASIC design, TCAD simulations, DAQ development and performance evaluation
— ~25 people from ~12 institutions
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RD50-MPW1 - General design features

= MPW in the 150 nm HV-CMOS process from LFoundry
= Submitted in November 2017, received in April 2018
= To gain expertise and develop new designs

5 mm

= Fabricated using 2 different substrate resistivities
- 600 Q:cmand 1.1 kQ-cm
RD50-MPW1 - Chip details
1) Test structures for eTCT measurements
2) Matrix of DMAPS pixels with 16-bit counter v
— 26 rows x 52 columns ) B
— 75 um x 75 um pixel size o i g il |
— Aimed at photon counting applications (proof-of- L et iy L
concept) gL 4 '
3) Matrix of DMAPS pixels with continuous readout (FE-13) :EL r . , —} |
— 40 rows x 78 columns 2 LY ] o "ri;ﬂ
— 50 pm x 50 pm pixel size ! Ana ogrea}dei ;_il 5
— Aimed at particle physics applications BE ey el
= Analog and digital readout embedded in the sensing ey e 2 S
area of the pixel —50pym —
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320

Sensor cross-section

Total detector x
capacitance

310

300

) (50 pm x 50 pum)
"EZBO—-
DNWELL 2 270_'
p-substrate LFoundry 150 nm o -
. . 250 + e K/K
= Large fill-factor pixel | Eor e B
240 T T T T T T T T T
= PSUB layer isolates NWELL from DNWELL 5 e o

Vi V]

— CMOS electronics in pixel area are possible " o= DNWELL
140 4—0— PSUB_DIG
= Detector capacitance has 2 contributions |—%—PSUB_ANA

130

- P_Substrate/DNWELL — Contributions to the

_ o] detector capacitance
— PSUB/DNWELL E™) " (50 m x 50 pm)

= Total pixel capacitance (50 um x 50 um) ~250 fF %0
= Equivalent Noise Charge (ENC) ~100 — 120 e~ g
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Global Time Stamp (8-b)
Hitin T8[7:0] /RdInt Read bus (24-b)

VDDA

TIME STAMP LOGIC MEMORY

Read HitOut

Analog readout
= Sensor biasing circuit, CSA, RC-CR filters and CMOS comparator
=  CSA with programmable discharging current
= CMOS comparator with global VTH and local 4-bit DAC for fine tuning

Digital readout

= Continuous readout (synchronous, triggerless, hit flag + priority encoding)

= Global 8-bit Gray encoded time-stamp (40 MHz)

= For each hit =>» Leading edge (LE): 8-bit DRAM memory
=>» Trailing edge (TE): 8-bit DRAM memory = TOT=LE-TE
=» Address (ADDR): 6-bit ROM memory (off-chip)
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Hit maps
= Calibration circuit
— 1 MHz readout speed
— 20 test pulses per pixel
— 1.5V test pulses

35

25

20

ROW

15

10

wm

0 10 20 30 40 50 60 70
COLUMN

RD50-MPW1 -

Measured results

= Radioactive source
— 1 MHz readout speed

35
30
25

20

ROW

15

10

w

0 10 20 30 40 50 60 70
COLUMN

H. Steininger, internal meeting, 2019
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10.0m

10.0p ]
8.0p- /
8.0m- < 6.0p
v | ]
g 4.0p -:
. = 2.0p &
— gl 0.0-1._/.... ]
< - 0 10 20 30 40 50 60 /
x V.., V]
5 4.0m- Y I
- Central pixel /
2.0I"I1 - ]
— 7
0 10 20 30 40 50 60 70
V. V]

-V curve

= |-V of central pixel of test structure (pixel size is 50 um x 50 um)

= Measurement done using a probe station with sensor in complete darkness
= VBD ~ 55-60 V as expected from the design

= |LEAK is too high (nA order well before VBD)

= This issue has been extensively studied: TCAD + support from the foundry

= Methodologies to optimize leakage current in new prototype RD50-MPW?2
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Post-processing — Lessons learned

conductive
material

p-substrate

DNWELL g
Ay

LFoundry 150 nm

= LFoundry adds structures to the design files to prepare them for fabrication.
= These structures involve conductive material.

= We believe these structures contribute quite significantly to the high ILEAK.

p-substrate

DNWELL b
Ay

LFoundry 150 nm

= We have minimised the presence of these structures as much as possible.

= Wherever not possible, LFoundry suggested placing these structures inside a PWELL.
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Electron-current density

Vi = =100 V Von=0V vm.-ov Viy =100V
0 0 Y
Shallow Trench Isolation FW sTI NV/ PWELL ; HW STI PN STI |
NIgD' PSUB :‘ =1E-3
% £
— DNWELL z
5 f
o -
= g
3 =1E-20
p-substrate, p=1.9 kQ-cm @ -100V TCAD simulation |
L] LJ - - L L3 - -
— STi(s) PW STl PWELL ST PN sTits) |
g PSUB ’-;‘ =1E-3
£
% DNWELL 2
, 3
o conductive material H
p) ]
O [ =1E-20
e p-substrate, p =1.9 kQ-cm @ -100V TCAD simulation
~ PWELL Pw sTI N\:Os PWELL ; NW sTI PW PWELL ——1
g NI PSUB NISO E =1E-3
= <
S DNWELL 1
Cl) conductive material .g
LN 3
') & =1E-20
o . .
p-substrate, p = 1.9 kQ-cm @ -100V TCAD simulation
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VDN VDN
|
NW PWELL NWELL PWELL NW | SEAL RING
i | PSUB | ; 3
= [
D DNWELL A L I E_
o outermost test defect 1
g-substrate structure pixel region : LFoundry 150 nm
= Some pixels can be quite close to the edge of the chip
= Defects in silicon lattice due to dicing can become significant
= |LEAK increases when the pixel depletion region is near the defect region
Von Von Viv Ver
% B[ [E] [E] v [
NW PWELL NWELL PWELL NW PW NW PW PW PW 1 SEAL RING
v 1
E | PSUB | ‘ , %
-2 DNWELL A L o ! ®
E \ Ay guard rings / U:e_
6 outermost test defect 1
E-substrate structure pixel region ! LFoundry 150 nm

= N-type guard ring added as safeguard to “collect” leakage current
= P-type guard rings added to reduce “lateral” depletion
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@ LIVERPOOL Edge defects — Lessons learned

VDN VDN
|
NW PWELL NWELL PWELL NW | SEAL RING
n I o
e | PSUB | | E:
D DNWELL A L I o
© outermost test defect 1
g-substrate structure pixel region : LFoundry 150 nm
= Some pixels can be quite close to the edge of the chip
= Defects in silicon lattice due to dicing can become significant
= |LEAK increases when the pixel depletion region is near the defect region
VDN VDN VHV VGR
g B [E] [E] [
NW PWELL NWELL PWELL NW PW NW PW PW PW 1 SEAL RING
é | PSUB | . PSUB| PSUB ﬂj : %
- o— e l
- E- DNWELL A + guard rings . E.
Tt |z
© outermost test defect 1
p-substrate structure pixel region : LFoundry 150 nm

= N-type guard ring added as safeguard to “collect” leakage current
= P-type + PSUB guard rings added to further reduce “lateral” depletion
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VDN VHV = '?0 V

A

DNWELI.R
E =1E-5 E
< £
z z =
g outermost test £ M
M structure pixel 3 &
8 3 *
H 3
@ =1E-14 n
@ p-substrate, p = 1.9 kQ-cni @ -70V TCAD simulation
o 87.38 > Wiaps = 18 pm
VDN VHV =-70V
q q Si 4— a-Si
L —
DNWELL
I =1E-5 =
E 15
< £
> o > o
s defect mmm———"T" 2 |z g
: : 3 |3 3
E region 2
8 3
@ =1E-14 n
@ p-substrate, p = 1.9 kQ-cm @ -70 V w/ edge defects m=|3[|2|1]|0
Wirans = 18 pm Wiraps = 18 um
p—p p—
1) Without defects (ideal case) M. Franks, TREDI WS, 2019

2) With defects and no guard rings
3) With defects, and NWELL and PWELL guard rings
4) With defects, and NWELL and PWELL with PSUB guard rings
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RD50-MPW?2 - General design features t 7 R N
= MPW in the 150 nm HV-CMOS process from LFoundry | | |zo-! T i :. E1)
= Submitted in January 2019 (dies expected in January ‘ :‘q'“‘%?5-5-5245-‘355”:-73)‘
2020) - — i
= To test methods to minimize the leakage current ' ganes

-
=
'%

e
-
e
-‘l
-

'E]
i a
E
i\ | 2 L
ER
==

x o §

|r

= Fabricated using 4 different substrate resistivities
— 10 Q-cm, 100 Q:cm, 1.9 kQ:cm and 3 kQ-cm

RD50-MPW?2 — Chip details

1) Test structures for eTCT measurements
2) Matrix of DMAPS pixels with analog readout only
— 8 rows x 8 columns
— 60 um x 60 um pixel size
— Aimed at improving the amplifier response rate
3) SEU tolerant memory array
4) Bandgap reference voltage
5) Test structures with SPADs and DMAPS pixels
= New methodologies to minimize the leakage current

3211 um
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i)

e )

)
: i 3 ter ' &
N8 I 1 ¢ Digital
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: I e
I g v ! | Analog .
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| | i
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= DMAPS in HR/HV-CMOS processes have huge potential for future particle
physics experiments

— Reduced material thickness (50 um)

— Small pixel size (50 um x 50 um)

— More cost effective (V£100k/m?)

— Fast charge collection by drift (15 ns time resolution)
— Good radiation tolerance (10*> 1MeV n,./cm?)

= Quite a few experiments are interested in DMAPS

— Mu3e (first application of DMAPS)
— ATLAS ITk upgrade (cancelled)

— LHCb Mighty Tracker upgrade

— CLIC

— CERN-RD50 (detector R&D)

= Several prototypes and “pre-production” detectors developed for these
experiments

= Detector R&D to further develop its performance done within CERN-RD50
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Back up slides
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o Time-stamp (LE + TE) and pixel
address (ADDR) are stored in End
Of Column (EOC) circuit

o If > 1 hits in the same column

=>» Pixel with hit flag = ‘1’ and
largest address is read out first
(hit flag and priority encoding)

Pixel matrix

LETEO ADDRO LETE1 ADDR1 LETE2, ADDR2 LETE77 'ADDR77

e = y  J 4 . y L 4 . e |  /
II LVDS IL l SER I': EOCO :PafE" EOC1 ?ParE" EOC2 ::Z 4+ EOC77 ==
clk640MHz E clk40MHz” ’— ’> r
Control Unit R C
. Casanova
o Shift register with 78 EOC circuits (one EOC per column) @ 40 MHz !
8 ( P ) TWEPP 2019

o Continuous readout sequence:

1) LE, TE and ADDR of the hit pixel with hit flag = ‘1’ and highest priority stored in
EOC (1 clock cycle)

2) CU reads sequentially the data stored in each EOC @ 40 MHz (78 clock cycles)
3) Serializers send data off-chip @ max. speed of 640 MHz
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LIVERPOOL RD50-MPW1 - Measured results
eTCT measurements to study sensor depletion region I. Mandic,
o Samples irradiated at TRIGA reactor in Ljubljana to several TREDI 2019
different n-fluences ranging from 1E13 to 2E15 neq/cm2
o Test structure
=>» 3 x 3 pixels matrix without readout electronics
=>» Central pixel to read out
=>» Outer pixels connected together
=>» Pixel size is 50 um x 50 um
=3 140 TT T[T T T ] =y 140
S 600Qcm 2 i 11kQcm
& - (500- 1.1k Qcm) g - (1.9kQcm)
2 100 | — S 100
.0 - : 2 -
g 80 - 2 sop .
8 C _ 8 B ]
60— - 60 - -
- ] C ®=0—]
P .~ 7 B d=1e13
401~ Pd=1e1d - 4014 oo
B/ P =2e14 7 = d=1e14 -
201 P =5e14 20+ O =2e14 |
: o B 5> 7eis |
9 "0 20 30 40 50 60 70 80 90

OO

11 - L1 11 11 1 L1 I - 1 11 | | I - | L1
0 10 20 30 40 50 60 70 80 0
Bias (V) Bias (V)

o Depletion depth changes with irradiation + acceptor removal effects seen
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1e-09¢
le-10f
@
=
=S
& le-llp
8 i
E
o
5
(&)
]
S le-l12f
X
©
O
-
le-13; & —e— “Ideal”
s RD50-MPW1
—e— RD50-MPW2
|

. L . L . L . L | L L L L | L . L L |
0 -50 -100 -150 -200
Substrate hias voltage [V]

* Increase in ILEAK when conductive material is present on the surface (RD50-MPW1).
= |LEAK is reduced when conductive material is placed in PWELL (RD50-MPW?2).
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le-11¢

[
]
—
E >
S 1e-12, =
g o
= %)
3 =
o _ a
@ e w
@ ¥ —= (3) (pixel) =
- . M-+ (3) (guard ring) Q\
le-13| —— (@) (pixel) &
L
o @ (guard ring) 2
0 -10 -20 -30 -40 -50 -60 -70 -80

Substrate bias voltage [V]
_ _ Similar I ., !! N-type guard ring
1) Without defects (ideal case) acts as a diode increasing lateral

2) With defects and no guard rings < / depletion into defect region.
3) With defects, and NWELL and PWELL guard rings PSUB reduces I ., ©

4) With defects, and NWELL and PWELL with PSUB guard rings
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3D simulations — Electric field as a function of corner geometry in pixel
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