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Motivation-CMOS Pixel Sensors (CPS) in Particle
Detection

CPS are devices for charged particle or light detection where sensor
and readout electronics are implemented in single chip

Main Advantages:

Low material budget (<1 % XO0/layer)

High granularity, enabling excellent spatial resolution (<10 pm)
Low fabrication cost

Fast evolution of the CMOS technology provided by the industry

Widely used in:

Vertex and tracking detectors (ALICE ITS2, CBM, Belle ll, etc..)

[Hen bt
experiment at RHIC-BNL (2014)~

First MAPS application in an experiment MIMOSAZE/ULTIMATE-2

MNWELL NMOS PMOS
DIODE TRANSISTOR TRAMNSISTOR

MWELL

DEEF PWELL

Epitaxial Layer P-

X-ray radiography and Industrial applications




Motivation-Overview of CPS

Projects

. . . . Power R
Project Year Technology Pitch Spatial Res. Time Res. dissipation Application
MIMOSIS 2025 TJ180 nm ~28 um ~5 pm ~5 s <100 mW/cm? Ve“?égﬁlt)ecmr
OBELIX 2027 TJ180 nm ~30 um ~15 um ~100ns <200 mW/cm? | Tracking/counting
(Belle I1)
MOSAIX 2026 TPSCO 65 nm ~22 um ~4um ~5us <40 mW/cm? ALICE ITSS3
OCTOPUS 2028 TPSCO 65 nm <20 um ~3um ~5ns <50 mW/cm? FCCee collider
TRACKER 2028 TPSCO 65 nm ~25um ~10 um ~100 ps TBD FCCee collider

Applications are becoming more demanding — driving the need for advanced

CPS designs that require:

Smaller pixel pitch (higher spatial resolution)
Improved timing performance

Lower power consumption



Motivation-Technological Constraints in Advanced

CPS Design

* Sensitive layer: 10-30 pm
* Charge from a MIP (minimum
ionizing particle): ~600-1800 e-

Signaltoo smallto
detect directly

amplification

L> Requires electronic

&
S
‘P -
<

Hard to go below 50
mW/cm? while maintaining
nanosecond level timing
performance

"

MNMOS

DICDE TRANSISTOR TRANSISTOR
.- Area Cost
PUWELL / l

Epitaxial Layer P-

Limits ability to shrink pitch
below 20 pm

MNWELL
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Internal Amplification as the Solution

u il - PR . o o
In-silicon amplification => no need for electronic amplifier —_l_ SR 5 0 01V
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Analog Amplifier T %\
Depk':lion Minimum field
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Gain layer inside the pixel amplifies signal directly

This allows us to:
Gainon area

1503 e- 1505 e Gain on power dissipation
AV ~ 100 mV AV ~ 1000 mV

trigs digital cell



A Closer Look at Pixel Amplification Challenges

= Amplifications in small (10 pm) pixels ?

A Current . )
| CMOS pixels « Pixel ~mm Pixel ~ um
% E & NOindividual
8 : (§° readout
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o) Ptzizange +f APD range |
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Border conditions

Issues with shrinking pixel size: . : :
Uniformity over matrix

= Additional noise / thermal noise
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Low gain x10-30 is the key



Methodology & Initial step

= R&D Steps: Simulations, design/fabrication , tests

= Prototypes from CERN -2024 (CASSIA Project)
* Larger pitch~ 80 pym

= gap in low-dose n-type implant underneath n-well collection

electrode, deep p-well acting as gain layer a = electrode to deep p-well spacing

b = overlap of electrode and n-

NWELL COLLECTION ¢ = gain layer to n- spacing
ELECTRODE 20
NMOS PMOS ) 40 a + >
[ [ ] il
T . O
PWELL NWELL | )
DEEP PWELL e DEEP PWELL

GAIN LAYER c/b .
LOW DOSE N-TYPE IMPLANT

LOW DOSE N-TYPE IMPLANT

Variants of a,b,c: S4, S5, M2

P- EPITAXIAL LAYER

Laser test==
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Matching TCAD Simulations with Measured Data

Baseline assumptions doping profiles _ sensorlvCharacteristies

_—»- M2 Simulation

- =%- M3 Simulation
10-5 . —8— M2 Measurement
- —i— M3 Measurement

1077 Foeb

109 4.

Current (A)

N+ collection electro

P type multiplication laye ST REE N sobariant AT o S G, S I N———

P- Substrate

10713 4.

P+ electrode

Voltage (V)

Comparison between TCAD simulations and CERN laser measurement data



Planning Our Own Prototype (APICS)

Structure 1 (Nwell + deep Pwell) Structure 2 (Smaller Nwell + deep Pwell)

1 1

i . . !

1-pixel cross section top view : Pltc h size 1 5 u m E 1-pixel cross section top view
i -Thickness 18 um |

Silicon thickness 18um

2um .

S

Zii um

—> * Larger collection Smaller collection
electrode electrode
* Lessspacefor Lack of charge collection
electronics inside efficiency
o more space available to o
Pixel pitch 15um . R P Pixel pitch 15um
< > hold more complex circuit < >
COLLECTION H COLLECTION
ELECTRODE (Ndiffusion) n fUture ELECTRODE (Ndiffusion)
A ] A L
PWELL NWELL PWELL PWELL NWELL PWELL
GAIN LAYER
DEEP PWELL ) (g:E"; ;x’:&) . DEEP PWELL DEEP PWELL L oewey DEEP PWELL
1.5um 6um 3um

P- EPITAXIAL LAYER

v _

Silicon thickness 18um

P- EPITAXIAL LAYER

e



Desigh Considerations : Gain Layer Size

Structure 1 (Nwell + deep Pwell) Structure 2 (Smaller Nwell + deep Pwell)
 Bestperformance found at 6 pym (gain & uniformity) * Deep Pwell gain layer (3um) not allowed by design
* Not permitted by foundry design rules > submitted rules
versionuses4 uym  Extra Deep Pwell used instead (compatible)
e Current simulation results still correspond to 6 pym * Contributed to measurements at CERN within the
case CASSIA project on structures using extra deep p-well
> more confidence to simulate extra deep p-well
Gain vs. Gain Layer Width for Different Hit Positions configurations in Structure 2
Hit Position
40 - —&— Intermediate
—8— Center
30 + Mostuniform
= h W
& A
- /
10
0 - T T T T T T T
8 7 6 5 4 3 2

Gain Layer Width (pm) 11



Definition of Gain, Charge Sharing, and Pixel Signhal

Gain Definition: Charge Sharing:

chllected (with gain)
G _ g

chllecteﬂ (no gain, single pixel)

*  Qcollected (with gain) : Charge collected by a pixel with gain

*  Qcollected (no gain) :Charge that would be collected by the same pixel
without gain

*  Qgenerated : TOtal primary charge generated by the incident particle

C: Capacitance of the pixel node

A : Center
B : Intermediate
C: Corner

Pixel Signal Voltage:

Eigmﬂ _ G . CS 'C?Eenerated

anllected no gain, single pixel)
S = g glep

Qgener&ted

At cornerC:
CS=1/4

Simulated part:
1/8 pixel

4 Neighboring Pixels

Collection
electrode

12



Gain Variation with Hit Position

* Intermediate: 36321e- ; gain~25
 Corner: 34587e- ; gain~23
* Center: 33406e- ; gain~22

Number of collected charges

3e+04

2e+04

le+04

Structure 1
Voltage=57.6 V

integral(Intermediate)
integral(Corner)

integral(Center)

5e-08 le-07

Time (s)

* Intermediate: 31736e- ; gain~22

* Corner: 34316e- ; gain~23
* Center: 20216e- ; gain~13

Number of collected charges

3e+04

2e+04

le+04

Structure 2
Voltage=48.74 V

integral(Intermediate)
integral(Corner)

integral(Center)

Time (s)

5e-08 le-07
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C-V curve

Capacitance (F)

3e-15

2e-15

Worst case (Corner) :
Vsignal(Pixel)~0.7V

1ir'Z.ign,ﬂ;l —

—— Structure 1

Capacitance ~2 fF

Voltage (V)

60

G-CS- Qgenerated

C

Capacitance (F)

2.5e-15

2e-15

1.5e-15

Worst case (Corner):
Vsignal(Pixel)~1.1V

—— Structure 2

Capacitance ~1.2 fF

Voltage (V)

20
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Structure 1: Pixel-to-Pixel Gain Fluctuation with Varying
Gain Layer Doping

25

Gain Layer Doping
| —e&— Original Doping
| - x2 Doping
20 - —A— % Doping
Hit position
O
. Center !
15 —
£ |
LY
LD —
10 -
5_
1 ® L
I|IIII|I II|IIII|IIII|IIII|IIII|IIII|IIII|I|I
5 10 25 30 35 40 45 50 55 57
Voltage (V)

» Simulation indicates a low gain mode voltage window of approximately 5V

15



Conclusion & Future Work

 Standard CIS process can be used for LGAD fabrication
« TCAD simulations guided the design choices — optimal gain layer width and
electrode configuration identified

* Simulation indicates a low gain mode voltage window of approximately 5V
* Simulated behavior shows good alignment with CASSIA measurements,
validating simulations models

* Submission of test chip in Tower 180 nm technology for fabrication

Next steps:

 Simulations to study radiation tolerance

* Preparation of tests at Strasbourg

 Testthe structures which are fabricated within APICS and CASSIA project

16
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APD Gain & Noise Expressions

Empirical Gain Formula: M (V) — >

1_(VB

K

Vg : Breakdown voltage
n : Parameter depending on the APD structure

Excess Noise Factor:

F=k-M+(1-k)(2-1/M)

k=B/a (k-factor)

B —ionization coefficient for holes

a - ionization coefficient for electrons

(see R.J. Mcintyre, IEEE Tr. ED-13 (1972) 164)

1 15
10000 — ]
& // __________ o 13
o e f o © "
100 P ) il 3]
/ P w 11 .
A 10 47 -2 @ o .
§ 1 P We target low - _ .
L— 3 . z
T o : gain (~10-30)to 5, 7 —=
p r : ?
001 " __lor |Z|.ng coeffimer\ts.as a keep F(M) < 2 3 5 —
0.001 {1 function of electriclfield \lﬁ‘a "
0.0001 4 in-gilicon — 1H'.
0.00001 S I T
1 15 2 25 3 35 4 0 500 1000 1500 2000
Gain

Electric Field [10° V/icm]
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Laser Setup

-
Vb IaS NWELL COLLECTION

> ~ NMOS PMOS ‘ ELECTRODE - -
Photons of ~ 1060 nm [ [— ey

q DEEP.‘PWELL ] . % DEEP PWELL -

> Central pixel biased ? ELOWDOSEN-TYPEIM

> P-well and sub set to 0V, only
voltage applied through n-well to e

central pixel —
> Cx amplifier (gain of 6.8 mV/fC),

connected in series to central pixel

only —
cividec Hy

3X3 matriX ‘ Insfrumen tation
Diamond Spectroscopic Amplifier

000 e

Cx-L

|
. | 6.8 mVIIC, inverting, birolar
. . | FSﬁ'ﬁ = 100 ns, Noise = (318+13(pF) e-
. . . | Serial Number: CxL0269 +12v |
: — - — —

Center pixel biased
separately than rest
of matrix
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15 um Pixels: A Path to 3 pm Resolution

~3 um spatial resolution required by physics program (FCCee VTX requirments)

Represented by A.Besson at ECFA_Paris_2024 conference (https://indico.in2p3.fr/levent/32629/overview)

DPTS (CERN)

CE-65v2 (IPHC)

4.50 1 18 B
[ - )
4.5 | L1 7 - - Chip: CE-65v2 (ER1)
d : %‘ —&— Spatial resolution B e ot A Process: Modified with Gap
~ _ P B— T .
E 4.00 16'5 -#- Average cluster size 5 —— e *
.00 4 6o o e
2 — —#— Non-irradiated Vag = Ve =0 T=320%C
c t E’: 13 -2 logy = 3 A, |y = 200 pfs, Vg = 1LV
=] : N —%— 10" 1MeV ng cm 4 . -
k. 3.75 A_LlCE ITS3 . 15 ,: eq z N AL B e = 100 b,
3 doi.org/10.48550/amxiv.2212,08621 b 10% 1MeV n, cm~? = i " —— L | 1-3
[=] 3.50 - DPTS, Van = -2.4V 14 % = el
n > [} wn =] E
2 2 —— 10" 1MeV ngycm™? E
— = &
-E 3.251 1.3 o #— 10 kGy g, e 2T5 pm AV
a & —— 100 kGy b 225 pm 10V
" 3001 122 —&— 10 kGy + 10'* 1MeV 2 *oum
y + e cm 15 prn 10V
< fleq Y1 ALICE ITS3-WP3 beam test preliminary “F AsEm
2.75 1 1.1 GCERMN-5PS Agril 2024, 120 GeVic hadrons
o Plotted on 06 Now 2024
2.50 4 1.0 0 50 100 150 700 250 300 350 400

T T T T T T T T T T T Sead Thrashold {e7)
75 100 125 150 175 200 225 250 275 300 325 350

Threshold (via Veass) (€7) Ref:arXiv:2502.04070v5
Ref:arXiv:2309.14814 20



Structure 1: Exploring P-Gain Layer Parameters (Nwell + Extra

deep P-well)

* For Structure 1, instead of using a Deep P-Well (DPW) gain layer, we explore different gain layer
with varying depth and doping concentrations.

Doping Conc. 1x1078
(cm™)

Depth (um)

1.5 Gain:8
Voltage : 58.2V
Leakage : 1.9e-12 A

2 Gain: 10
Voltage : 59.29V
Leakage : 2.6e-12 A

2.5 Gain: 10
Voltage : 59.88 V
Leakage : 2.3e-12 A

3 Gain:5
Voltage : 60V
Leakage : 5e-13 A
3.5 Gain: 3.5
Voltage : 60V

Leakage : 3e-12 A

1x10"7

Gain: nogain
Voltage :21.91V
Leakage : 2.8e-12 A

Gain: nogain
Voltage : 31.8V
Leakage : 2.6e-14 A

Gain: (Geiger mode)
Voltage : 44.18 V
Leakage : 6e-14 A

Gain: 21
Voltage : 53.89 V
Leakage : 3e-12 A

Gain: 23
Voltage : 57.28 V
Leakage : 3.8e-12 A

1x10'8

Gain: 2.7
Voltage : 21.99V
Leakage : 2.4e-11 A

Gain: no gain
Voltage : 26.58 V
Leakage : 2.4e-11 A

Gain: (Geiger mode)
Voltage : 39.75V
Leakage : 1e-14 A

Gain: 20
Voltage : 52.57 V
Leakage : 4.3e-12 A

Gain: 26
Voltage : 56.93 V
Leakage : 2.7e-12 A

S

Same study could be done for
structure 2 replacing the deep
Pwell gain layer by another P-
gain layer (small Nwell + Extra
deep P-well)

21



Simulating APICS-LGAD Structures: 15 pum Pixel Pitch,
18 um Silicon Thickness (Round electrode)

Structure 1 Structure 2
High electric field

at the periphery

Doping Concentration Electric Field

18 um
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