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RD50 collaboration

e Radiation hard semiconductor devices for very high luminosity colliders
® 66 institutes and 430 members (see full list at RD50 website)
e Detectors will face ®_ > 10"®/cm? (HL-LHC) and ®,, = 10"/cm? (FCC-hh)
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Work program as shown in RD50 status report in LHCC meeting https://indico.cern.ch/event/1192325 .

e Defect and Material Characterization
e Detector Characterization

e New Structures

e Full Detector Systems


https://rd50.web.cern.ch
https://indico.cern.ch/event/1192325/contributions/5012979/attachments/2507972/4309929/220914-RD50-LHCC-open-vs1.pdf

New structures: RD50 HV CMOS working group .\q,,y,‘
RDSO

17 institutes working on:

ASIC design

TCAD simulations

DAQ development

Chip performance evaluation
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Why monolithic active pixel sensors?

Electronics integrated into the sensor: low mass, no bump bonding
Widely used in digital cameras (like your phone!)

Downside: less room for per pixel functionalities

Hybrid pixel detector: sensor W High Voltage Monolithic active pixel
bump bonded to the ASIC detector: electronics

integrated into sensor

Collection diode

Electronics

Electronics

Figures from D. Hynds at CLIC workshop 4
https://indico.cern.ch/event/577810
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Depleted MAPS: small and large collection electrodes

High field almost everywhere Very small sensor capacitance 5 fF
Short drift distances Reduced noise & power
Higher radiation tolerance Readout outside charge collection

well: less cross talk

charge signal charge signal

bi /—J
high resistivity V\e - ©
p-substrate V... =100V p-substrate: very high resistivity

pn-junction

V. =6V

From Norbert Wermes,
Trento2020

e Stronger electric field results in less trapping and higher radiation tolerance
e Larger electric field comes at a cost: more capacitance, power and more noise

From E. Vilella, Vertex2018
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Radiation hard depleted MAPS:

HV CMOS with a larger collection electrode:
e fast collection time
e radiation tolerant
e high breakdown voltage

Ongoing development in HEP
Currently achieved in HV CMOS:
e O = 10"™/cm? [1]
e 100 ps time resolution [2] — in HV-HR
CMOS even 10s of picoseconds! [3]
e Breakdown voltage only at over 400 V [4]

[1] https://doi.org/10.1016/j.nima.2020.164460

[2] https://doi.org/101088/1748-0221/15/06/PO6011

[3] https://doi.org/10.48550/arXiv.2208.11019

[4] https://indico.cern.ch/event/1104064/contributions/4786211/
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RD50-MPW2 W7 (p = 0.5-1.1 kQ -cm)

10 12 ' ' ' l - | A ' 1 ' L A l A | A l ' ' A l ' L ' l A L

0 20 40 60 80 100 120 140
Reverse substrate bias voltage V z V]
su

Higher breakdown voltage achieved with
e more electrode spacing
e rounded pixel corners 6
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Three submissions of RD50 HVY CMOS monolithic sensors

RD50-MPW1
5x5mm? 2017

Low breakdown V, , =60V
High leakage current

leak
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Image from 40th RD50 workshop https://indico.cern.ch/event/1157463



https://indico.cern.ch/event/1157463/contributions/4922769/attachments/2468624/4234390/RD50-MPW2_timing_measurements_Debevc_v3.pdf
https://indico.cern.ch/event/1157463

Latest RD50 HV CMOS submission




RD50 HV CMOS monolithic sensors: newest version
-HV From 40th RD50 workshop -HV

HR p-rubstrite LFoundry *50 nm
8 8

= From simulation: =

Pixel size 62 pm X 62 um
Cd ~ 250 fF
Latest version now in our laboratories: Power 22 W /pixel (VDD = 1.8 V)
e LF15A process from LFoundry in 150 nm HV-CMOS ~ P
High resistivities: 1.9 kOhm-cm, 3 kOhm-cm (nominal)

ToT 55 ns (for 5 ke)

[
e High voltage applied from the top
e Analog and digital electronics inside the collection ENC 120e

electrode of 55% pixel area Time walk 9 ns



https://indico.cern.ch/event/1157463/contributions/4922764/attachments/2468696/4234565/RD50%2040th%20workshop%20(CERN)_Chenfan.pdf
https://indico.cern.ch/event/1157463/contributions/4922764/attachments/2468696/4234565/RD50%2040th%20workshop%20(CERN)_Chenfan.pdf

Layout of latest RD50 HV CMQOS
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Analog and digital circuits in separate deep p-wells
with different signal lines to minimize crosstalk
Advanced readout periphery with 640 Mb/s serializer
FEI3-style readout design

From 40th RD50 workshop v
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Separation of analog and digital

Digital signal lines are placed in the middle of each double column
o Analog lines between double columns
o Grounded shielding lines between digital signal

Power grid to minimize voltage drop

Left pixel Right pixel

Analog Digial Digita] Analog
Front-End_Electronics § ¥ I "4, I Electronics Front-End

. ; Dlgltgl signal Shle_ldmg : : Analqg signal
line line line

From 40th RD50 workshop

2 pixels

1


https://indico.cern.ch/event/1157463/contributions/4922764/attachments/2468696/4234565/RD50%2040th%20workshop%20(CERN)_Chenfan.pdf

Analog frontend of the latest HV CMOS sensor

Each pixel has a
e continuous reset charge sensitive amplifier with

Injection high processing speed
circuit Analod output e comparator to digitize the signal
analog 9 P e 4 bit trim DAC to tune the threshold
- * e injection circuit for performance characterization
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From 40th RD50 workshop



https://indico.cern.ch/event/1157463/contributions/4922764/attachments/2468696/4234565/RD50%2040th%20workshop%20(CERN)_Chenfan.pdf

Digital frontend of the latest HV CMOS sensor

e In-pixel digital readout with double column drain readout and rolling shutter
e Time of arrival and time over threshold are recorded
e Two timestamps in 8-bit RAMs sent out with an 8-bit pixel address via shared readout bus

digital

VSENSBIAS Hitln Read bus
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From 40th RD50 workshop (to next pixel)
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https://indico.cern.ch/event/1157463/contributions/4922764/attachments/2468696/4234565/RD50%2040th%20workshop%20(CERN)_Chenfan.pdf

Advanced test structures for characterization

A edge-TCT: 3x3 pixel matrix for timing and charge
measurements

B capacitance: single sensing diode for measuring
capacitance of a single pixel

C + D thermally stimulated current: for defect
characterization

From TWEPP 2022

14


https://indico.cern.ch/event/1127562/contributions/4904736/attachments/2506926/4307688/Poster_V5.pdf

Setup of RD50 HV CMOS sensor: MPW3

Zilinx ZC706 FPGA

=
|
)
(s
J

MPW3 CHIP BOARD

e Caribou used for DAQ

e Can add 2nd chip on top of chip
board

15


https://gitlab.cern.ch/Caribou

Number of Hits

First results of latest RD50 HV CMOS sensor

non-irradiated

150 +
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100 +

75 1

50 1

25 1

Pixel thresholds behave as expected

Breakdown around 150 V with a per-pixel current of only 1 pA
N-well ring for routing away most of the pixel leakage current
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https://indico.cern.ch/event/1199009/contributions/5041357/attachments/2505042/4303994/RD50%20CMOS%20design%20meeting_Chenfan%202022.09.08.pdf

Test beam ongoing now at CERN

/ AIDA telescope with AIDA TLU
__ trigger, FEI4 reference plane, and
=== Timepix 3 plane in EUDAQ

CERN SPS:
120 GeV hadrons

e First beam test with large pixel matrix prototype
e Multichannel readout will allow for tracking and efficiency measurements
e Added Timepix 3 plane for measurement of time resolution

17



Performance of previous RD50 HV CMOS
submission
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Previous submission of RD50 HV CMQOS

Multiproject wafer #2 (MPW2)

Time over Threshold map
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e Continuous reset ToT scales with signal size continuous switched
19

e Switched reset much faster reset



Performance of the RD50 depleted CMOS sensors

Image from 38th RD50 workshop

W13_0e0, shutter=20s, THR=950, HV=-50V, noise substracted 500 W13_lel4, shutter=20s, THR=950, HV=-50V, noise substracted

500
7
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ROW
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Wafer 13, unirradiated Wafer 13, 3e13N,,

F

W13_3el3, shutter=20s, THR=950, HV=-50V, noise substracted

2 3 4 5

Wafer 13, 1e14N,,

e Measurement with a strontium source: functional after irradiation of CDeq=1-1O14/cm2

e Breakdown voltage over 120 V [1]
e 280 um thick sensor, at least 100 um depletion [2] for 100 V bias

[1] Vertex 2020
[2] doi:101088/1748-0221/16/12/P12020

40 Hh [ R
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https://scripties.uba.uva.nl/search?id=record_50779
https://indico.cern.ch/event/896954/contributions/4106327/attachments/2147317/3619705/RD50_workshop_Nov20_SIEBERER.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/16/12/P12020/pdf
https://indico.cern.ch/event/895924/contributions/3968858/attachments/2102593/3563861/RD50_DMAPS_Vertex_10_2020.pdf
https://doi.org/10.1088/1748-0221/16/12/P12020

Measurement in beam test

TOT, 800MeV, Row: 3 Col: 4, TDAC:11, Swi. Reset

Readout of 1 pixel at a time: multi-pixel readout in latest chip submission

160 +

140 A

120 +

100 +

count

80

60 1

e 2527 MeV proton beam at MedAustron
e 30 kHz event rate
e Tol measurement peaks at 35 ns as expected from simulation
[ J
AMPOUT from 1-25ke-
1.8:
1.7 3 0 0
' simulation
1.5:
21.3 E
§1.1
3
0.9 -
0.7 -
E T
0.5 Sha s SR —
95.0 105.0 115.0 125.(] 135.0 145.0 155.0 165.0
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https://doi.org/10.1016/j.nima.2022.167020

175 o3
Image from Sieberer et al
https://doi.org/10.48550/arXiv.2201.08585

40

Beam test

60 80

100
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https://doi.org/10.48550/arXiv.2201.08585
https://doi.org/10.1016/j.nima.2022.167020
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Performance of previous HV CMOS sensor after irradiation

Threshold forq= CinjU with ij -2 8fF Total inonizing dose of 5 kGy
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From B. Hiti et. al . .. N g
hitps://doi ora/101088/1748-02211 @ Threshold change is minimal after irradiation

6/12/P12020 e Noise similarly does not vary with irradiation and stays under 200 e
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Time resolution

With a single photon
absorption laser, inject a test
pulse with various intensities
With a radioactive source,
measure difference in time of
arrival with LGAD

0.0 o

-0.21
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-0.8 1

Time delay injected pulse and pixel output

- pixel COMPOUT

—

A4

First data
point above
noise. Test
pulse falling
edge

Time difference distribution

25.3ns sigma= 0.257)

\ — Injected test pulse
o5
i

Middle point of

-1.0 -05 0.0

[~
Laserlight

rise edge
L g™
~ . :
Time difference
05 10 15 20 25 3.0
timeins in=7

From C. Tsolanta ’ Time resolution = o

The spread in the time difference
between the pulse sent to the
laser and the comparator output
from the chip gives the time
resolution
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https://scripties.uba.uva.nl/search?id=record_50779

Time resolution of previous RD50 HV CMOS chip

Resistivity 1.9 kQ-cm
1064 nm IR laser pulses

Non-irradiated sample

'z' 5: =
° 45 v Threshold
A & —— 1000 mV laser
35F % 950 mV laser
3¢ ‘f 3% * 950 mV Pulser
25F * Ly 1000 mV Pulser
E z . %
2F , .
R TR ® =0/cm?
SE “eq
1':_ ......... » |
2 5 'Zdep 100 um
0.5F e 2ty :
: 1 1| 1 1 1 1 I 1 1 1 I 1 1 1 [ 1 ]
% 2 4 6 8 10

% «
discriminator threshold

100 V bias

5

5:10™ n_/cm? sample

o [ns]

45

4

35

Shifted
higher

right due to

pixet-threshold

>

.

e
.

Threshold

{—— 1000 mV laser

—— 950 mV laser

3

25

2

1.5

-

“| » 950 mV Pulser

1000 mV Pulser

B | O = 5-?014/cmj2..
: €q i

0.5

THI]]IH 1]ITIIIIIIIIHIIIII HIIIIIH[IIII'HII

d

Zgep~ '[20 um;

OO

From 40% RD50 workshop

e For higher threshold a higher charge is needed for the same time resolution

e Time resolution behaves asymptotically towards higher injected charges

o After ® = 5-10™/cm? irradiation the time resolution still is 300 ps for a minimum ionizing particle

24


https://indico.cern.ch/event/1157463/contributions/4922769/attachments/2468624/4234390/RD50-MPW2_timing_measurements_Debevc_v3.pdf

Time resolution with source

e Time resolution worse in unirradiated sample:
around 600 ps vs 350 ps
e Diffusion dominates more before irradiation: after

trapping of diffused charges occurs
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https://indico.cern.ch/event/1157463/contributions/4922769/attachments/2468624/4234390/RD50-MPW2_timing_measurements_Debevc_v3.pdf

Time resolution of RD50 HVY CMOS monolithic sensors

Time Resolution vs Laser induced charge for pixel r2cl
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For larger injected charge can reach 140 ps
For a MIP-like particle time resolution is worse From C. Tsolanta

https://scripties.uba.uva.nl/search?id=record_50779

1400

1200

1000

800

600

400

200

26


https://scripties.uba.uva.nl/search?id=record_50779
https://scripties.uba.uva.nl/search?id=record_50779

Two photon absorption laser

% S B

e

42 ulﬁl SO A

", - ote

At the CERN Solid State Detector lab:

1550 nm two-photon absorption laser

~400 fs

8.2 MHz frequency

acousto-optic modulator to select 1 kHz

Single shots: 1 pulse hits sensor in its response time
Variable Z focus

hexapod for XY

Electromagnetic interference isolated

Francisco Rogelio Palomo Pinto?, Sebastian
Pape®<, Michael Moll°, J.Maria Hinojo Montero?
9 Electronic Engineering Department of School for
Engineering in University of Seville, Spain
b EP-DT CERN, ¢ TU Dortmund University

e 3D imaging of semiconductors
e Available in 5 HEP institutes: CERN (CH), JSI

Ljubljana(Sl), IFCA (ES), NIKHEF(NL), Lancaster (UK)

From RD50 CMOS meeting
https://indico.cern.ch/event/1184355/contributions/4976091/
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https://indico.cern.ch/event/1184355/contributions/4976091/attachments/2483345/4263810/hvcmos_RD50_21July2022_TPAMPW2.pdf
https://indico.cern.ch/event/1184355/contributions/4976091/attachments/2483345/4263810/hvcmos_RD50_21July2022_TPAMPW2.pdf

Erancisco Rogelio Palomo Pinto®, Sebastian
Pape®<, Michael Moll°, J.Maria Hinojo Montero?
9 Electronic Engineering Department of School for
Engineering in University of Seville, Spain
b EP-DT CERN, ¢ TU Dortmund University
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e Chip electronics no obstacle to mapping

e N-well ring clearly visible in image made with TPA laser

e Active region is clearly visible From RD50 CMOS meeting
https://indico.cern.ch/event/1184355/contributions/4976091/
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Summary and outlook

New HV CMOS sensor designed by RD50

Shows promising results such as breakdown at 150 V
Test beam ongoing now to investigate unirradiated sample
Advanced in-pixel digital readout

Perfomance of previous submission:

e Good threshold and noise after irradiation of Cbeq=5-1014/cm2

e Time resolution for a MIP-like particle around 300 ps also after irradation
Plans to

e Measure efficiency at CERN beam test facility

e Measure time resolution

® Repeat this for irradiated samples

e |mprove radiation hardness in new design
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Additional material
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PWELL and NWELL blockGen
PW PWELL PWELL
I PSUB PSUBIDNWELL
T Jmotion
DNWELL DNWELL/p-substrate
junction

p-substrate LFoundry 150 nm

RD50-MPW?2 test structure pixel cross section.
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T Ste——pl She—

RD50-MPW?1 pixel cross section
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Previous HV CMOS chip threshold

counts

counts

From B. Hiti et. al
https://doi.org/10.1088/1748-0221/1
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(d) 510" neq/cm?, threshold 1000 mV.
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Performance of previous HV CMOS sensor after irradation

Noise forq= CinjU with ij =2.8fF
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Previous DMAPS layout

l. 8 x 8 Analog pixel matrix with pixel size
of 60 um x 60 um, two flavors:
l.LA.Continuous-reset pixels (column O to 3)
|.B. Switched-reset pixels

(column 4 to 7)

l.C. Bias block

|.D. Row configuration registers

l.LE. Column configuration registers

Il. Analog buffer

lll. Test structures

I\VV. SEU tolerant memory

V. Bandgap
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Previous HV CMOQOS chip frontend
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Advanced readout periphery of current HV CMQOS chip

e 16 8-bit registers for configuration

e Rolling shutter: highest address
read out first

e 24-bit wide FIFO for pixel data

e Time stamps and pixel address
collected in end of column (EOC)

e Serial readout of 32-bit EOC
registers at 640 Mbps

From TWEPP 2022
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https://indico.cern.ch/event/1127562/contributions/4904736/attachments/2506926/4307688/Poster_V5.pdf

Measured performance of previous HV CMQOS submission

Measured in previous MPW2:

ENC <50 e-
Time-walk <10 ns
Leakage 120 pA/pixel
ToT 30 ns
Breakdown 120 V

-HV From 40th RD50 workshop

Large fill factor

HY

HR p-rubstrite LFoundry 50 nm
8 5
“* From simulation for current MPW3: e
Pixel size 62 ypm X 62 um
Cd ~ 250 fF
Power 22 uW/pixel (VDD = 1.8 V)
Gain 230 mV (for 5 ke)
ToT 55 ns (for 5 ke’)
ENC 120 e
Time walk 9 ns
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