Latest depleted CMOS sensors developments

In the CERN RD50 collaboration
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CERN RD50 depleted CMOS activities.

RD50 depleted CMOS device development roadmap.

RD50-MPW?2 device main characteristics.

Measurements of RD50-MPW?2 test structures.

Characterization of RD50-MPW?2 active matrix.

RD50-MPW3 device design overview.

Summary and outlook.
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CERN RD50 depleted CMOS activities

« CERN RD50 collaboration.

* International collaboration with more than 300 members.
. =
* Aimed at developing and characterizing radiation-hard : L :
semiconductor devices for high luminosity colliders. PARTICULES O MARSEILLE ZIONE
ifu UP ‘ “"I SS
* R&D carried out in new structures (3D, LGAD, Depleted CMOS, CPPM

etc.): see talks from E. Curras (D06) and J. Duarte (B02) for more
info about LGAD and 3D developments within RD50.

Depleted CMOS sensors have a huge potential for future IX\‘I% H E P H Y
experiments in physics: high priority in RD50. G

Inslitute of High Energy Physics

RD50 has a program to develop and study these sensors.

Activities included. . E n E g if,;\ F
AW TS S

e TCAD simulations.

* ASIC design.

* DAQ development.
00 Jozef

« Device performance evaluation. IF IC @ | UNIVERSITAToe
@ _eo Stefan LY BARCELONA

Resources involved. COWLU SE KR @® Institute e

* ~ 36 people.

e ~ 12 institutes.
UNIVERSITYOF [ancaster EE3 g |
BIRMINGHAM University ¢  |]& ’? LIVERPOOL
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RD50 depleted CMOS device development roadmap

* All devices developed as MPW in the 150 nm HV-CMOS
process from LFoundry: large collection electrode.

To gain expertise, test the process
and test novel designs.

e RD50-MPW1: submitted 11/2017 and received 04/2018.

Size of 5 mm x 5 mm. Thickness of 280 ym.

2 different substrate resistivities (500 Q-cm and 1.9 kQ-cm).

and digital readout embedded in sensing area.

£
£
(V]
Two independent pixel matrices (50 um and 75 ym) with analog |

ry 'iiif:iii-‘iii@iif-""‘ .Q.I FrrEn i""xLi'sn‘

5mm >

RD50-MPW.1 floor plan (left) and pixel detailed
view (right)

Test structures for e-TCT, C-V and |-V measurements.

Pixel lo,« found too high and Vgp lower than expected.
Crosstalk in some digital readout lines from pixels.

* Focus on the pixel and analog readout design in a
small prototype with same technology.

Vi
0
-

* Control of structures added by LFoundry for fabrication.

* Improved guard ring scheme at chip edge.

p-substrate LFoundry 150 nm

3 pm Ipm

* Improved pixel corner geometry (rounded) and more P- A 50 E
substrate/deep n-well spacing to increase breakdown voltage. RD50-MPW1 pixel cross section

* Improved readout amplifier design with faster output rate.

Reported by E. Vilella, Vertex 2019
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RD50 depleted CMOS device development roadmap

@ To implement methods to minimize the

leakage current and improve amplifier rate.

« RD50-MPW2: submitted 01/2019 and received 02/2020.

* Reduced size.

e 4 different substrate resistivities.

* Small pixel matrix with analog readout embedded in sensing

area.

* Test structures for e-TCT, C-V and I-V measurements.

Measurements with RD50-MPW2
reported in this talk

To improve the digital readout and avoid
crosstalk issues detected in RD50-MPW1.

« RD50-MPW3: to be submitted in 01/2021.

e Same size as RD50-MPW1.

* At least one pixel matrix with same pixel as in RD50-
MPW?2.

* Analog and digital readout embedded in sensing area.

RD50-MPW3 design overview
reported in this talk

Vertex 2020: The 29th International Workshop on Vertex Detectors
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RD50-MPW?2 pixel detailed view
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RD50-MPW?2 pixel cross section
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RD50-MPW2 main characteristics

* MPW in the 150 nm HV-CMOS process from | e @S SSESSRRE 1 | 2)
LFoundry: large collection electrode. i —= ‘ e 'i::: -

Size of 3 mm x 2 mm. Thickness of 280 pm.

Substrate available in 4 different resistivities: 10
Q-cm, 0.5-1.1 kQ-cm, 1.9 kQ-cm and >2 kQ-cm.

80 samples of each resistivity.

Chip contents.

3211 pum

1) Test structures with depleted CMOS pixels.

2) Matrix of 8 x 8 depleted CMOS pixels of 60 pm with
embedded analog readout.

3) SEU tolerant array.

4) Bandgap voltage reference.

5) Test structures with SPADs and depleted CMOS
pixels. +

“« 2120 um >

RD50-MPW?2 floor plan
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RD50-MPW2 test structures measurements:

e RD50-MPW2 different test matrices characteristics.

HElImnn]

s=i pell|[EEREE EE

above: RD50-MPW2 floorplan. 3 x 3 test matrices for e-TCT are highlighted in red, green,
blue and pink and magnified. The central pixel of each structure is then magnified to
demonstrate the different corner shopes. Active matrix is highlighted with the orange
dashed box

gnd!§ * Pad connections for I-V:
;;JTE;:. « gnd!'=0V
] - OUTER = floating
: INNER = 0 V
* sub!=-HV

1 1301;"; i

"

il "
= i
| £
Zaresi ) = o
i 2
] - [ ]
e
- |
&0 pm
— s
GND Vo,

Test matrix 1 for e-TCT

50 pm x 50 pm pixe|

3 pm electrode spacing
Rounded corners
(Similar to RD50-MPW1)

Test matrix 2 for e-TCT

60 pm x 60 pm pixe|

8 um electrode spacing
Rounded corners
(Geometry shared with the
pixels in the active matrix)

Test matrix 3 for e-TCT

60 pum = 60 pm pixel
8 um electrode spacing
Chamfered corners

Test matrix 4 for e-TCT

60 pwm x 60 pm pixe|
8 um electrode spacing
Squared corners

Vou Viy
0 0

DIFF and POLY blockFill

PWELL and NWELL blockGen

PWELL

| psUB__| psusfonweL

junction
| DNWELLIp-substrate

-

DNWELL

p-substrate

T Junctien

LFoundry 150 nm

RD50-MPW?2 test structure pixel cross section.
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RD50-MPW2 test structures measurements: |-V (®, = 0)

 RD50-MPW2 comparison with RD50-MPW1: test matrix 1 measurements.

[A]

leak

— -
e o
ra ik

—&
(=]
[~

Leakage current |
5 3

=%
o
(=

107"

| ] I I 1 I ] I | | I I I T | | I 1 ] ] | I | ] I | 1 I I

s

— RDS50-MPW1 50 um x 50 um square pixel
— RD30-MPW?2 50 pm x 50 pm rounded pixel

-

L L | 1 I L | | 1 I | | 1 1 | | | 1 1 | | 1 1 | | 1 1 L | |

* |-V measurements.

p = 0.5-1.1 kQ-cm.

50 pm x 50 ym pixel.

10 mA compliance.
T=20°C.

0

10 20 30 40 50 60
Reverse substrate bias voltage V ’ [V]
5U

« RD50-MPW2 |, reduced by many orders of magnitude with respect to MPW1.
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RD50-MPW2 test structures measurements: |-V (®, = 0)

e RD50-MPW2 measurements of all test matrices.

i 1':' J% | L I ] I I i 1 I I L] ] L] I ] I I ] ) I I L] I L i
] - —— 50 x 50 round
:Em ¢~ —— 60 =60 round
5 E  — B0 x 60 chamfer
E | ——60x60square * |-V measurements.
o 10 E
[u k] =
@ = * p=0.5-1.1 kQ-cm.
= &
m 10 E .
o =  All pixel types.
] .
10°E !I * 10 pA compliance.
oL e Same pad connections.
il - T=20°C.
10" -
= RD50-MPW2 WT (p = 0.5-1.1 k{l -cm)
10-12 B L il L ] i 1 il |. 1 L 1 |. L A L ] A 1 1 I 1 il 1 | L i L

0 20 40 60 80 100 120 140
Reverse substrate bias voltage ‘u’m V]

« Similar l,¢,, for all matrices.
« RD50-MPW2 Vg,

* Increases with electrode spacing.

« Corner shape can further increase Vgp.
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RD50-MPW2 test structures measurements: |-V (®, = 0)

« RD50-MPW2 measurements of all test matrices: ||, and breakdown voltage Vgp.

1st matrix (round 3 pm)

2nd matrix (round 8 pm)

3rd matrix (hexagonal 8 pm)

4th matrix (square 8 pm)

Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd
(Icomp) (k) (ILD) | (Icomp) (k) (ILD) (Icomp) (k) (ILD) | (Icomp) (k) (ILD)
058_;1 kglisﬂn 575V 5525V 5525V 120,75V 119V 119V 12025V 1185V 1185V 1185V 117.5V 1175V
mp 183V 212V 212V 523V 545V 545V 471V 4.50 v 450V 583V 51V 51V
Icomp= 100 nA
1.9 k€2-cm
7 samples 5743V 5486V 54.86V 119.34 V 117.37 V 117.37V 12086V 119.14V | 11914V 11543V 11343V | 11343V
illp 222V 227V 227V 3.08V 3.08V 3.08V 324V 344V 344V 378V 299V 299V
Icomp = 100 nA
>2 kQ-cm
8 samples 5475V 5325V 5325V 119.5V 1175V 117.5V 120.75V 11875V | 11875V 114V 112V 112V
{llp 183V Lo3V 103V 35V 35V 35V 212V 212V 212V 5.01V 501V 501V
Icomp = 100 nA

Mean (upper value) and standard deviation (lower value) of Vhd for the samples measured

* |-V measurements.

e p=0.5-1.1 kQ-cm, 1.9 kQ-cm and >
2 kQ-cm.

All pixel types.

100 nA current compliance

Same pad connections.

T=20°C.

« RD50-MPW2 Vg, increases with electrode spacing and corner shape can influence as well.

Two parameters calulated to determine Vg,

e k= (dl/dV)/(IIV)
* ILD = [din(y/dV]2 = [(1/1)-(dI/dV)] 2
Vbd (I;omp): V for lgomp.

Vhd (k): V for maximum K.

Vhd (ILD): V for minimum ILD > 0.

* lieak iNCreases with substrate resistivity.

Vertex 2020: The 29th International Workshop on Vertex Detectors
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RD50-MPW2 test structures measurements: |-V (®, = 0)

- RD50-MPW?2 test matrix 2: precise leakage current lo,, measurement of a pixel.

1.0

0.8 4

0.6

Current (pA)

0.0 A
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0.4

0.2 1

»— Wafer7 (0.5-1.1kOhm)
Waferl0 (1.9kOhm)
»— Waferl3 (=2kOhm)

T

10 20 30 40 50
Voltage (V)

- Leakage current |, below 1 pA.

60

* |-V measurements.

e p=0.5-1.1 kQ-cm, 1.9 kQ-cm and >
2 kQ-cm.

e Only matrix test matrix 2.
« T=20"°C.
* Pad connections.
e gnd! = GND.
* OUTER = GND (guard ring).
* INNER = GND (through ammeter).
e sub! =-HW.

* Current of central DNWELLIp
substrate junction is measured
using the additional ammeter.
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Current (nA)

RD50-MPW2 test structures measurements: I-V (P, > 0)

e RD50-MPW2 test matrix 2: |-V in irradiated devices.

wafer7 (0.5-1.1kOhm)

T == 1lel3
—»— 3eld

101 - —»— leld

T —= 1el3
- 313 XK
| % 1el4 J{

0] 30

!
100

wWaferlo (1.9kChm)

| I
0 50 100
Voltage (V)

| ¢ 1014 TFX

wWaferl3 (=2kOhm)

T == 1lel3
—— 3el3d

X[ x

!
] 30 100

- Leakage current ljg, increases with ®.

« Vpp decreases with ®,, and similar for all p.

Vertex 2020: The 29th International Workshop on Vertex Detectors

* Irradiation to a range of neutron
equivalent fluences ®., up to 1-10

141 MeV ngy-cm-2,
* No annealing.

* |-V measurements.

e p=0.5-1.1 kQ-cm, 1.9 kQ-cm and >
2 kQ-cm.

e Only matrix test matrix 2.

« T=20°C.
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e RD50-MPW2 test matrix 2: I-V in irradiated devices.

5.0E-08

4.5E-08

Current (A)

4.0E-D8

3.5E-08

3.0E-08

2.5E-08

2.0E-08

1.5E-08

1.0E-D8

5.0E-09

0.0E+00

-Wl4, Zels,
--\W1l4, 2el5,
W14, 2els,
— W14, 2els,
W14, 2el5,

20 40

20 min

160 min

320 min
540 min

-

1280 min

60 80 100 120 140

Bias (V)

160

RD50-MPW2 test structures measurements: I-V (P, > 0)

* Irradiation to a range of neutron
equivalent fluence ®.,=2:101°1

MeV ng,-cm-2.

 Different annealing time steps at 60
°C.

* |-V measurements.
* p>2kQ-cm.
e Only test matrix 2.

« T=20"°C.

- Leakage current I o, decreases with annealing time: current anneals as expected for silicon.

« Vpp tends to increase with annealing time.
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y-stage

v

02y

x-stage

RD50-MPW2 test structures measurements: e-TCT (®., = 0)

« RD50-MPW2 e-TCT experimental setup.

Peltier controller

Cooled support A =1064 nm

| FWHM =5 um

Bias-T

<

\ Fast current

amplifier

0000 @

Q0
QO

\

Detector

>

z-stage

1 GHz Oscilloscope

Laser

Laser Driver

Vertex 2020: The 29th International Workshop on Vertex Detectors

Optical fiber & focussing system

y-direction

e-TCT measurements.

=5 um.

repetition rate 500 Hz.

Only test matrix 2.

T =20 "°C.

Connection scheme.

* INNER = +HV.
e sub! = GND.

 Beam diameter in the silicon FWHM

* Width of light pulses = 300 ps and

GND +HV
0 0

+HV +HV GND

p=subsirata

LFoundry 150 nm

x-direction

7th October 2020
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RD50-MPW2 test structures measurements: e-TCT (®., = 0)

« RD50-MPW2 e-TCT measurements: charge collection profiles.

e e-TCT measurements.

» Wafers 5, 7, 11, 14 (10, 500-1100,
1900, >2000 Q-cm nominal p,
respectively).

* Biasupto 120V

* (W5 up to 100 V, breakdown at = 105
V).

.BianF. QUV o

________ Sisietion |t - W
i | | w1

Charge [arb. units]

* Charge collection profiles.

T T T T T T T,

|"T'T"l"{"'["'l"'l'"]'"l"'I"J"i'"f"l' T"l"l"'l"'['"l'"]'"J'"]"'}"J"'TT

« Scan across of central pixel.

- | L1 L

0 50 1(|}0 150 260 25‘-,0 360 lsgo « Profiles normalized to same
maximum.
Sensor depth y [um]

GND  +HV +HV +HV  GND

p-substrate

LFoundry 150 nm

Scan line
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RD50-MPW2 test structures measurements: e-TCT (®., = 0)

« RD50-MPW2 e-TCT measurements: depletion depth Wy and effective doping concentration N.

umj

S 140

th W,
X
S

Depletion dep

0 | L 1 | 1 1 1 | 1 1 L | L 1 | I | 1

1

II|III|III|IIlJIII[III|III|III|II_]'

Fit: WD - WDG +

2Egi€p

vV

egNeff

Free parameters:

il
100

i
120

Bias voltage V [V]

Wp, = width of charge collection profile
at 0V bias voltage
Negr = effective doping concentration
Constants:
gy = permittivity of free space
£gj = relative permittivity of silicon
eg = elementary charge
Wafer Ngs [cm3) [Q-cm] Nominal p
0<v<e0 P [Q-cm]
W5 3.2:1Q% 4 10
w7 2.4-1013 500 500-1100
wi1 1.2-108 1100 1900
wisa 5.9-1012 2200 >2000

Vertex 2020: The 29th International Workshop on Vertex Detectors

7th October 2020



RD50-MPW2 test structures measurements: e-TCT (®, > 0)

« RD50-MPW2 e-TCT measurements: depletion depth Wy and effective doping concentration
Ness With irradiated devices.

t
;3100? « Irradiation to a range of neutron
% " equivalent fluences ®, up to 2-10
c [ 151 MeV ngy-cm-2,
@ 60 .
a | * No annealing.
Q L 1
40'.:' A e zfz i ' * e-TCT measurements.
20?.'. : 1 _
3 B _ « Wafer 8 (0.5-1.1 kQ-cm nominal p).
% 20 40 60 80 100 120 « Bias up to 120 V.
Bias voltage (V) _
_____ * Neff extracted from fit 0 <V < 120.

Fit: Wp =Wy, + 2310,y

eoNeff

W8, g_ = 0.02/cm

* Ng¢s increases with fluence.

il ] ° Neff = gc.cpeq_

Q% 274 6 8 101214 16 18 20 22 24
@ (10" neq cm?)
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RD50-MPW2 test structures measurements: e-TCT (®, > 0)

« RD50-MPW2 e-TCT measurements: depletion depth Wy and effective doping concentration

Ness With irradiated devices.
70i_|'||'|'||||'_|'||||'|'

Depletion depth (um)

[ “ —a— 0
20 / —a— 80 min
. 160 min
1 0;_ —a— 320 min
—a— 640 min
F —s— 1280 min

0 20 40 60 80 100

120

Bias voltage (V)

1.6
1.4
1.2

W8 2e15

|III|I"II|II|

N (10™ cm®)

—+

0.8-
0.6
0.4
0.2

——
—p—

-

o

200 400 600 800 1000 1200 1400

Time at 60C (min)
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* Irradiation to a range of neutron
equivalent fluences @, 2:10 151

MeV ng,-cm-2.

« Different annealing time steps at 60
°C.

* e-TCT measurements.
« Wafer 8 (0.5-1.1 kQ-cm nominal p).
e Bias up to 120 V.

* Neff extracted from fit 0 <V < 120.

Fit: Wp =Wy, + 2310,y

eoNeff

 Significant effect of the first
annealing step (80 minutes).

* Not much change after longer
annealing times.
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Characterization of RD50-MPW2 active matrix (®., = 0)

* Matrix of depleted CMOS pixels (60 pm x 60 pm) TETENM oo o o) o o
with analog embedded readout. g R e s

E.ﬁ

ﬁﬁﬁgﬁ 3 B
¥ |

* Two flavours of analog readout. —
} igita
" readout

e Columns 0-3: continuous reset pixels.

* Columns 4-7: switched reset pixels.

Bias block: generates the bias voltages to set
transistors DC operating points.

I

AL TR

E s —Switched reset_ | |1

S:JEE_ i B 1 2 pixel flavours
focused on

improving the

readout speed

* 9 channels. Bias block

Configuration
registers

* 6-bit current DAC and current mirror.

Configuration registers: bias block DACs, pixel
trim-DACs and pixel output enable.

lFe_cont |
v b F8_sw
INJECTION [yl 4 A J_
+1.8v |GD| 18y INJECTION Y ¥ ——
BL T
BL
g ] I} I
il -L Cre g Reias ICI
Ciny Re _L = RaL
DNWELL T ce ‘ G | Cwe
| csA SF { DNWELL T 1 csA ‘ SF 1l
AMPOUT ‘ srout ' HPOUT L AMPOUT ‘ SFOUT || HPOUT | Comparator L5
BL+VnO— — COoMPauT COMPOUT
yay ™ pay BL+VO—
psustate— CONtiNUOUS reset pixel pansmte OWitChed reset pixel
-HV O -HV O
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Characterization of RD50-MPW2 active matrix (®., = 0)

Specific DAQs developed for RD50-MPW2 active
matrix characterization.

SoC development cards used (Xilinx ZC702/ZC706). I« ”, s e Pe- Tﬁ il

FMC CaR board (from Caribou DAQ). RD50-MPW2 ZC702 board
board

Custom RD50-MPW2 chip board.
Custom VHDL blocks, Linux and C/Python scripts.
SSH from host PC.

Effort to converge with Caribou Peary
firmware/software.

More info: C. Irmler, 36th RD50 Workshop.
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Characterization of RD50-MPW2 active matrix (®., = 0)

 RD50-MPW2 active matrix measurements with in-pixel calibration circuit: hitmaps, mean ToT
maps and ToT histogram for a pixel.

Hit _map (num_pulses = 1000, inj_amp = 1000 mV)

_ToTs_map (num_pulses = 1000, inj_amp = 1000 mV)

250

Pixel comparator output pulse
acquired with DAQ.

200

* Bias registers configured with
nominal values.
* « Hitmaps
Column Column
Full matrix hit map (left) and mean ToT map (right) for comparator « Number of pulses detected.

threshold 990 mV. 1000 pulses injected of amplitude 1000 mV

Mean ToT maps.

Histogram of TOTcnt COL2/ROW1 Histogram of TOTcnt COL6/ROW1
B o * Mean pulse width measurement per
pixel.
6000 4
5000 { * ToT histogram for a pixel.
1500 4000
3000 « Distribution of pulse width
2000 { measurement.
L I_LU .. | 1 1 [afl

Mean ToT histogram for CR pixel (Ieft) and SR pixel (right) for
comparator threshold 950 mV. 10000 pulses injected of amplitude
1800 mV
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Characterization of RD50-MPW2 active matrix (®., = 0)

 RD50-MPW2 active matrix measurements with in-pixel calibration circuit: S-curves.

S-curve_inj_pixel (Vthr = 975 mV, trimDAC_en 1)
200 g

175 —8— Row 1/Col 6 TrimDAC 0
#- Row 1/Col 6 TrimDAC 1
=@~ Row 1/Col 6 TrimDAC 2
== Row 1/Col 6 TrimDAC 3
=@= Row 1/Col & TrimDAC 4
=@= Row 1/Col & TrimDAC 5
=@ Row 1/Col 6 TrimDAC &
=@= Row 1/Col & TrimDAC 7
Row 1/Col & TrimDAC 8

—@~— Row 1/Col 6 TrimDAC 9
=@- Row 1/Col 6 TrimDAC 10
@~ Row 1/Col 6 TrimDAC 11
=@= Row 1/Col 6 TrimDAC 12
=@= Row 1/Col 6 TrimDAC 13
=@= Row 1/Col 6 TrimDAC 14
=@= Row 1/Col 6 TrimDAC 15

150 1
125 A
0
£ 100 A
I
754
50 A

251

100 150 200 250 300
Inj amp [mV]

S-curves for SR pixel (R1/C6) with varying injection
amplitude (0-300 mV). Threshold voltage 975 mV and
trim DAC enable (trim DAC value 0-15)

S-curve_vthr_pixel (inj_ amp = 250 mV, trimDAC_en 1)

200 s,
A hETR W
175 L —@~ Row 1/Col 2 TrimDAC 0
=@= Row 1/Col 2 TrimDAC 1
150 4 =8~ Row 1/Col 2 TrimDAC 2
=@ Row 1/Col 2 TrimDAC 3
—@— Row 1/Col 2 TrimDAC 4
125 ~ =@= Row 1/Col 2 TrimDAC 5
—@- Row 1/Col 2 TrimDAC 6
] —@— Row 1/Col 2 TrimDAC 7
-"]::' 100 1 Row 1/Col 2 TrimDAC 8
=@~ Row 1/Col 2 TrimDAC 9
75 =@ Row 1/Col 2 TrimDAC 10
-“@= Row 1/Col 2 TrimDAC 11
== Row 1/Col 2 TrimDAC 12
50 —8— Row 1/Col 2 TrimDAC 13
=—@— Row 1/Col 2 TrimDAC 14
=@= Row 1/Col 2 TrimDAC 15
25 A
0

1050 1075 1100 1125 1150 1175 1200 1225 1250
Vthr [mV]

S-curves for CR pixel (R1/C2) with varying threshold
voltage (1050-1250 mV). Injection amplitude 250 mV
and trim DAC enable (trim DAC value 0-15)

Vertex 2020: The 29th International Workshop on Vertex Detectors

e S-curves: number of hits as a
function of...

* Injection amplitude variation.

* Comparator threshold variation.

* Also Trim DAC value variation.

S-curve_vthr_pixel (inj_amp = 500 mV, trimDAC_en 0)

200 A =000 —0-0-0-0-0-0-0-0-0-&

P 17 \\l'

1
| |

.'Ef 100 | | i;
r l

175+

150

1254

E——

|
75 1 {

50 +

| |

- b B LA B & A & o

LA A A A S A A s s s s s s s s s s s

1250 1300 1350 1400 1450 1500 1550
Vthr [mV]

S-curves for all pixels with varying threshold
voltage (1250-1550 mV). Injection amplitude 500
mV and trim DAC disabled
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Characterization of RD50-MPW2 active matrix (®., = 0)

 RD50-MPW2 active matrix measurements with in-pixel calibration circuit: S-curves.

trim_dac_lin (inj_amp = 250 mV, trimDAC_en 1)

1190

1180 A

1170 A

== Row 1/Col 2

Vt50 [mV]
=
=
[=))
o

1150

1140 A

1130 A

0o 2 4 6 8 10 12 14 16
Trim DAC value

trim_dac_lin (inj_amp = 250 mV, trimDAC_en 1)

1300 4

1280 4

== Row 1/Col 6

Vt50 [mV]
=
N
[=)]
=)

12404

12204

0 2 4 6 8 10 12 14 16
Trim DAC value

Vt50 (mV) versus trim DAC value for a CR pixel (left) and a SR pixel
(right). Injection amplitude 250 mV

200 INYpixel IN)J=1500 BL=900

e S-curves.

e Trim DAC value variation
linearity verification: Vt50
vs trim DAC value.

e Trim DAC value
optimization to reduce s-
curve width.

200 IN)/pixel INJ=1500 BL=900

—— all Pixels

[ ] . [ [ —— all Pixels
LI |
| Mt 1 \ | Trim DAC values
| 'AI | | optimization
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S-curves for all pixels with threshold variation.
Trim DAC value 15. Injection amplitude 1500 mV
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S-curves for all pixels with threshold variation. Trim
DAC values adjusted. Injection amplitude 1500 mV
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Characterization of RD50-MPW2 active matrix (®., = 0)

 RD50-MPW2 active matrix measurements with in-pixel calibration circuit: gain and noise

1300

1150

1100

1000

measurements.

VT50 points [mV] / INJECTION voltage[mV] for all pixels

* Gain and noise measurements.

e Vt50 value from s-curves versus
injection amplitude/charge (1 fC = 357
mV).

e Vt84 -V116 value from s-curves versus
injection amplitude/charge.

Vt50 (mV) versus injection amplitude (mV) for all pixels

noise_plot (trimDAC_en 1)
mean T 26.97 °C, Delta T0.31 °C

Noise [mV]

Input charge [fC]
Noise (mV) versus input charge (fC) for CR pixel

Vertex 2020: The 29th International Workshop on Vertex Detectors 7th October 2020 n

noise_plot (trimDAC_en 1)
mean T 26.96 °C, Delta T 0.44 °C
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14 A

12 4

10 4

Noise [mV]

0.50 0.75 1.00 125 150 175 200 225
Input charge [fC]

Noise (mV) versus input charge (fC) for SR pixel




Characterization of RD50-MPW2 active matrix (®., = 0)

 RD50-MPW2 active matrix measurements with in-pixel calibration circuit: gain measurements

summary.

Vienna

Liverpool

Valencia

CR

SR

CR

SR

CR

SR

Bias registers

Nominal values

Nominal values

Nominal values
BL (mV) 800 900 900
Linear range (mV) 150-450 150-450 150-400 150-350 150-450 150-450
Linear range' (fC) | 0.42-1.26 0.42-1.26 0.42-1.12 0.42-1.12 0.42-1.26 0.42-1.26
Gain (mV/mV) 0.9-1.1 1.2-1.4 1.4-1.68 1.96-2.1 1.26-1.4 1.54-1.68
Gain' (mV/fC) 321-392 428-500 500-600 700-750 450-500 550-600

'Considering Ci,; 2.8 fF

* Values measured at different places with different setups tend to agree.

« Baseline value (comparator input DC value) influences the gain measured.

Vertex 2020: The 29th International Workshop on Vertex Detectors
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Characterization of RD50-MPW2 active matrix (®., = 0)

 RD50-MPW2 active matrix measurements with radioactive source: hitmaps for different HV.
 90Sr source (10 mCi/370 MBQ) used.

* Two RD50-MPW?2 samples measured (W14, > 2kQ-cm).

« Shutter time per pixel 20 s.

* Noise trimming process (HV = -50 V): find trim DAC value per pixel to minimize noise.

HV = -90V HV = -70V = -50V
SHUTTER=204 THR=960 SHUTTER=2058 THR=9&) SHUTTER=20% THR=3960
A r a00 0%
300
ma 150 274
250
00 30 -
g 225
50 e e
175
200
200 -
4 150 17%
o 1 2 2 & 3% & 1 &
COLUMN COLLIMH COLUMN
=-20V HV = -10V HV=0V
p SHUTTER=204% THR=960 SHUTTER=205 THR=960 g SHUTTER=20% THR=960
50 { 160 L
T
135 L
5 i 40
00
5 5
é‘: A 173 120 -
o e 100 -
: 125
. (i B0 20
o W

3 5
DEII.LIMN COLLIMMN COLUMN
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200

150

Hits

100
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Characterization of RD50-MPW2 active matrix (®., = 0)

value (all pixels) versus HV.

« RD50-MPW2 active matrix measurements with radioactive source: number of hits mean

 90Sr source (10 mCi/370 MBqQ) used.

« Shutter time per pixel 20 s.

* Two RD50-MPW?2 samples measured (W14, > 2kQ-cm).

* Noise trimming process (HV = -50 V): find trim DAC value per pixel to minimize noise.

Hits
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o
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=
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o
(=]
[¥a]
(=]

HV [V]

* Number of hits mean value increases with HV.

250,00

200,00 4

150,00 4

100,00 +

wi4 2

-10 -20 -30 -40 -50 -60 -70 -80 -90 -100

HV [V]
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RD50-MPW3 design overview

ASIC floorplan

* General characteristics. I

* MPW in the 150 nm HV-CMOS process
from LFoundry: large collection
electrode.

Pixel matrix

e Size of 5 mm x 5 mm. Thickness of 280
pm.

» Use few high resistivity substrates.
EOCs

* Test structures for I-V, C-V and e-TCT. S

Digital electronics

1/0 pads
*digital electronics: CU + serializer +
configuration registers (slow control)

» At least one active FE-I3 style pixel
matrix.

 Maybe another independent active pixel i
matrix (sampling matrix). Pixel floorplan m———

* Pixel matrix (FE-I3 style). '—t“

« Same pixel and embedded readout as in
RD50-MPW2.

Digiial “ront-

e Capability of masking noisy pixels. eabitbbaaed ||

* Pixel floorpan with separated analog and
digital bias.

* Double columns with shared digital
signals to reduce routing congestion
and crosstalk. Analog bias  Digital bias

Vertex 2020: The 29th International Workshop on Vertex Detectors 7th October 2020 n



RD50-MPW3 designh overview

e Chip periphery.

Improved FE-I3 readout to optimize data TX: time
slot only given to columns with data.

Two EOC architectures to be considered (FSM +
24b register or FSM + FIFO) to reduce pixel dead
time.

Only one serial TX channel (LVDS).
Data TX in frames: SOF+ADDR+LE+TE+EOF.

Possibility of encoding to keep sync (8b/10b) + idle
pattern + non return to zero to be studied.

Slow control for pixel configuration and bias
registers based on 12C and Wishbone.

e Chip development.

Digital-on-top implementation to guarantee timing.

RTL functional model of pixel, pixel matrix and
periphery electronics (EOC 1/2): simulation of
different scenarios.

Pixel treated as an IP: generation of a timing library.

Post-layout simulation of double column and EOC.

Functional verification of digital part in FPGA.

i~ oM
=z -
= =
=] =]
=l =l
(] (]
(5] o

]
8

¥

\

FE-I3 style digital readout block diagram

PIXEL MATRIX
SCOREBOARD

CHECKER

SEQUENCER

PIXEL MATRIX
MONITOR

SERIALIZER
MONITOR

PIXEL MATRIX
DRIVER

PIXEL MATRIX

W+

Functional verification block diagram
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Summary and outlook

* Summary.

« RD50-MPW2 |, reduced by various orders of magnitude with respect to RD50-
MPW1.

« RD50-MPW2 Vg, increased with respect to RD50-MPW1.

* RD50-MPW2 e-TCT and I-V measurements of irradiated devices show good device
performance.

* RD50-MPW2 active matrix configuration and readout electronics tested for non-
irradiated devices with good results.

* RD50-MPW3 desigh ongoing with RD50-MPW2 pixel desigh and improved FE-I3
digital readout style.

* Outlook.

* RD50-MPW2 C-V measurements with test structures.
* RD50-MPW2 active matrix characterization of irradiated devices.
* RD50-MPW3 chip design and submission.
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Latest depleted CMOS sensors developments

In the CERN RD50 collaboration

Ricardo Marco Hernandez IFIC (CSIC-UV),
on behalf of the CERN RD50 collaboration.

)
2
138  CSIC e “IRD50
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