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Sensor timing resolution
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Detectors for ps timing: overview

With avalanche Without
gain avalanche gain

Sub-geiger mode Geiger mode

(LGADs, APDs) (SPADs, SiPMs) [MonollthICJ

3D BiCMOS HV-
DC-coupled AC-coupled Planar electrodes (SiGe) CMOS CMOS
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LGADs: operation

Junction termination

Core region region
= Avalanche multiplication: linear-mode g ,,_____X_
(sub-Geiger) operation

= Separate absorption-multiplication

region: [
* Fully depleted HR substrate or P - - substrate
epitaxial layer sBhelectiode
* P+ gain layer: high electric field _ 3.06+05
. . . é 1E+19 | +05 =
* Gain area termination needed: dead S | il
(no gain) region between the pixels 2 1617 oeeetor 206408 =
% ~— —efield || 15E0S é
€ 1.0E+05 +
k:a 1E+13 5.0E+04 ‘:-:
G. Paternoster et al., J. Instrum., vol. 12, § 16+11 | 0.0E+00
no. 2, 2017, Art. no. C02077 Ha
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LGADs: timing resolution

 Uniform electric field in a
large area (~ mm?):
Ogistortion 1S Negligible

* The effect of electronics
noise on timing resolution
(0.er) CAN be reduced by

g . .
increasing the gain

e Fundamental limitation:
Landau noise, due to
fluctuations in the released
charge
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How to go below 30ps with LGADs?

* Low threshold = practical limits in an array due to electronic noise,
pixel non-uniformity and electrical cross-talk

Garfield++ Simulations

* Sensor thickness < 50um

[esolution (ps)

| I —1 30ps

| 20
* Landau fluctuations: with ----- P

25um thickness the intrinsic
time resolution for MIPs
1S ~20ps

50 80
F. Carnesecchi — ALICE simulations CFD (%)

Landau noise for MIPs in LGADs



Thin LGADs — beam test

 Measurements on thin LGADs (35um thickness) confirm the predicted time resolution

* Thin LGADs produced by several manufacturers are available
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Reducing the dead area in LGADs: Trench Isolation

N-deep ring replaced with a trench: the no-gain area is reduced

a) STANDARD Virtual GR p-stop JTE
) Metal pads
SEGMENTATION (3-5 pm) (3-5) um (3-5) pm / Y

-«

‘ no-gain region
) Pixel 1 P Pixel 2

p'*substrate

b) TRENCH-ISOLATED

Trench (~ 1 pm)

no-gain

S __ region
P ; Pixel 2

p** substrate

G. Paternoster et al., IEEE Electron Dev. Lett.,
Vol. 41, No. 6, June 2020
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AC coupled LGADs

DC contact coupling :
ACpad #1  ACpad #2  ACpad #3 oxide i
%’/ ' o
R + .l ﬁ =
resistive n™ p -gain :
p-Si | L
w— L I

e 100% fill factor
* First promising results on timing and spatial

resolution with 50um FBK sensors
 Samples produced by FBK, BNL, HPK

M. Mandurrino et al., arXiv:2003.04838 (2020)
M. Tornago et al., 36th RD50 Workshop
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AC-coupling
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Single-Photon Avalanche Diodes (SPADs) and SiPMs: operation

* Triggered (Geiger-mode)
operation

* Available devices designed for
photon counting and timing

* The best devices have a photon
timing resolution o, < 20ps

e Dead time ~10 - 100ns

e High dark count rate:
20 - 200 kHz/mm? at room
temperature

VBIAS

SPAD

A
SPAD

Quenching

Avalanche
triggering

Recharging




Large Si SPADs: SoA photon timing resolution

* Thin active region (a few um), saturated drift velocity, response free from
diffusion tails 2 Dedicated fabrication process

« Homogeneous electric field: circular area

. . . . °
Low threshold: resolution independent from size SPAD with 100um diameter produced at FBK
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fme. ps Electron., Vol. 20, No. 6, 2014
A. Gulinatti et al., Electronics Letters, Vol. 41 No. 5, 2005
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Monolithic and hybrid SPAD arrays

Many designs demonstrated, up to 1Mpixel
(Canon)

Granularity: down to a few um

Fill Factor: limited by device guard-ring and
electronics. Typically 20 — 50%

SPAD arrays with 3D-stacked electronics
demonstrated (STM)

A few proof of concept designs for particle
counting and tracking presented so far, but
no timing results with particles

Weakness: radiation resistance.
DCR increases considerably at fluences
>10%°- 10" 1MeVn,,/cm?

11mm

i—ll

i Fow Controller |~ Tiow Controlier

Pixel B
1024 x 500
(9.4 pm-pitch)

1024 x 500
(9.4 pm-pitch)

(Gate. Recharge) |
Y

4

K. Morimoto et al., Optica, 7, 4, 346-354 (2020);

11mm

Backside Ny Wy Wy
-Subsf
7.83 um
Deep NW |
PW 1|NW|
— 1l — - | ||| Pl
= == =
] ] [ ] | m—

[1
HB-Bot
[1

T. Al Abbas et al., IEEE IEDM 2016
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Timing with 3D detectors: TimeSPOT

Contact opening metal «— Bump contacts:’—-

passivation
"»‘_‘;oxide

: : . ‘® 1
* Thick active volume but short drift length: 1 % 7 ¥ Sk
. . o s o e, Resistivity
combines large signal and large slope | i & substrate

° . . :’5',"" sl WE‘\W{’ s',w;g- @,-,v,? s-suﬂ 5% .-sw AL
* Trench geometry (uniform electric field): e —— |
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A. Lai, Vertex 2021
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Timing with 3D detectors

* Trench distance: ~20um

1 . m == 60
saturated velocity v, : / %555_ T— e —
tcoll = D/Vsat ~ 200ps | "E::: = v PSImethod Double-pixel
° W e akn ess: ) § 50;_ ® reference method
. o n |
) i ® 45
complex fabrication process, T
. .- E 40F
mechanical stability of = !
wafers (yield) B " ; i
30} v Y
I ¥
251 °
20 é._-l. _____________ L ____-____-__-?_ _____________ _. ___________________
- 20ps time resolution line
I
qobl o Lo b b L b ]
harioarsiacsrolie -140 120 -100 -80 -60 40 -20
(P Collecting electrode bias

(n*)

SEM HV: 10.0 kV WD: 11.59 mm VEGA3 TESCAN

View field: 176 pm Det: SE 50 pm
SEM MAG: 1.57 kx Date(m/d/y): 10/29/19 FBK Micro-nano Facility

L. Anderlini et al, arXiv:2004.10881v2 [physics.ins-det] 29 Jul 2020
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Timing with monolithic sensors: challenges and opportunities

* Advantages:
* Potentially 100% efficiency
* Excellent radiation hardness demonstrated for several processes
» Cost-effectiveness

* Challenges:
 Fast collection (100s of ps) and low capacitance at the same time
* Pixel non-uniformity correction needed

e Jitter is more critical than for LGADs. In most monolithic devices
demonstrated so far the timing resolution is > 100ps

* Low jitter with acceptable power consumption



HV-CMOS approach: CACTUS

VDD Metal power rails

I N In-pixel electronics

* Deep nwell collection diode

PW NW PW NW

* FE electronics inside the pixel

* Fast and uniform charge L
collection A

HR p-substrate i

Substrate thickness: 200um e ——————

: : -HV
* Pixel size: 0.5 -1 mm?
* Pixel capacitance: 1 —-1.5 pF E 0= 9 source |
60 —
50 é_ o=132ps
* Noise can be reduced by moving 0=
the readout electronics outside o -
the pixels: capacitance reduction 2 E D/
10 ;— L
4000 3000 2000 1000 0 1000 2000 3000 4000
Y. Degerli et al., 2020 JINST 15 PO6011 Time differences PMT - sensor (ps)
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SiGe approach

 SiGe process modified {HR substrate)

for the integration of p

detector

* High speed — low noise on-chiﬁ
preamplifiers placed outside t

anar silicon

SiGe
e pixels

* Hexagonal pixels with 130 and 75 um

side

e ~ 50ps timing resolution demonstrated

with 29Sr source

G. lacobucci et al., 2019 JINST 14 P11008
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Depletion depth: 26um at -140V
 Large detector capacitance (70 - 220 fF)
Nearly 100% collection efficiency

Time resolution [ps]
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Fastpix

Charge vs time for MIP incident at corner (worst case)

* Evolution of the MAPS developed for the ALICE

500¢
tracker: full depletion + speeding up the electron ssol
lateral drift §
* Test chip with small pixel pitches (10 - 20 um) .
-
. et
* Very low electrode capacitance (< 1fF) S 300}
* Expected jitter (electronics): 20ps @ Q,, =1000 e g >0
E} ZDO_—
L Mmommes 3 150}
‘NweLL | Pwell u ' & 100L el
---------- *’«—— DEEP PWELL [ ——Square pixe
LOW DOSE N-TYPE IMPLANT 50F —— Hexagonal pixel
DEPLETION 0:

EXTRA DEEP P-TYPE IMPLANT S N S N R S T N R .
BOUNDARY 0 5e-10 1le-09 1.5e-09
GAP IN THE Time [5]

LOWDOSE
N- IMPLANT

DEPLETED ZONE

P= EPITAXIAL LAYER

T. Kugathasan et al., Nucl. Inst. Meth. A Vol. 979, Nov. 2020
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Fastpix — test beam results

° Tlme Walk CorreCtiOn 12000, All events, largest ToT pixel, after individual timewalk correction, inner ;;i:zl:ans
* Pixel-by-pixel correction for
10000+
best results
e 70e- threshold for 20um and 8000-
50e- threshold for 10um
. 6000+
pixels
4000
2000+
SPMQS
Pixel per pixel . | | | | | |
in the e -2.0 -1.5 -1.0 A8 1.0 1.5 2.0
matriX electrode

E. Buschmann et al., 2021

Test beam: timing resolution < 140 ps
for both 10 and 20um pitch
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ARCADIA — on going activity on timing sensors

* Fully depleted substrate: charge collection e e I
by drift ERzfEER 2
. . GR I%EL P?VEEELPL P%rEhhfL A fL GR
* Process validated on 50 — 300um thick f
substrates, 25 and 50um pixel pitch X\ e i

 Complete charge collection in few ns for
optimized pixel geometry

n-epi
n-type substrate

GR GR
Pitch = 25um, thickness = 100pm il il
08 ——r— 17— 17—
F 3 Insulat Insulat
0.7 F ) 3 — Charged particle / Radiation —
: Pixel center 3
= Pixel edge ]
= E
= E
= .
=] -
_§ L. Pancheri et al., IEEE Tran. Electron Dev,,
S Vol. 67, No. 6, June 2020
10 15 20
Time [ns]
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Intrinsic timing resolution: 50 um pitch pixels

Intrinsic timing resolution: 0o rtion @9 Olandau noise

501

40

30+

intrinsic timing resolution [ps]

20+ —&— Sensor thickness 50um
—&— Sensor thickness 35um
Sensor thickness 25um

20 30 40 50 60 70 80
CFD threshold [%]

Capacitance: 30 — 35fF

Thin substrates: better
intrinsic resolution (as observed
for LGADs)

N.B.: Electronics noise (0,
not considered in this

simulation. Tradeoff between
jitter and power consumption

Test pixels with 50um thickness and integrated amplifier are in production



Monolithic avalanche detectors

Fine-pitch avalanche pixels with 6um pitch (Panasonic)
Several recent examples of avalanche gain integrated Pixel Cross section
in CMOS sensors: S T :
- The feasibility of structures designed for photonics J
applications can be verified for particle detection
- Foundries may be available to implement simple 7
process modifications, needed to add gain to CMOS |
sensors %0 20 10 9 10 i
Y. Hirose et al., IEEE ISSCC 2019

Deph (au)

LGADs on thick fully depleted substrates (Sensor Creations Inc.)
LGAD _ CMOS-integrated APDs with > 1GHz bandwidth
D CMOS Tcuntry

t Ring p v \ vdda (University of Vienna)
1 |

:

1

T | | | | 15r:icron | || | _r
PD1 vdda [ l
X DPW \ ;
200 pm p-well (amplification zone) n-well p-well |

I

| 50- 400 micron ‘ "

. I

' p- (detection zone) !
|

I

S. Lauxtermann et al., Pixel 2018, Taiwan W. Gaberl et all, Opt. Lett., Vol. 39, No. 3, 2014

-
—-—“

= — -
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Monolithic sensors with gain @ University of Geneva

Avalanche gain in monolithic CMQOS sensors:
may be the key for combining very high
resolution and acceptable power consumption

Work in progress ... more updates to come soon

Picosecond Avalanche Detector (PicoAD): EU Patent EP18207008.6

Schematic sketch of deep multi-junction PicoAD sensor process:

Collection electrode incorporating electronics

Top epitaxial
layer
hole gain

As gain layer

B gain layer
Down epitaxial layer
electron gain

Substrate
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Measurements of sensor gain using 55-iron source
in climate chamber:

130- —e— 40C
1204 ——-30C
{ ——-25C
110{ ——-20C
S 100  os
£ _ -10C
_Ecu 90 +
© o, ] Preliminary
-g E
& 70-
> .
T 60-
= .
o 504
E 4
<< 40 -
30'_
20 T T T T T T T T T T T
90 100 110 120 130 140
Vbias (_V)

M. Munker et al., Vertex, September 2021
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Conclusion

* Timing layers based on LGADs with 30 — 40 ps resolutionare realistic (CMS and ATLAS)

e Layers with 20ps timing resolution based on thin LGADs seems within reach in a few
years (ALICE)

Several alternative possibilities are under investigation:
Advanced (Tl or AC-coupled) LGADs with hybrid readout
Monolithic or hybrid SPADs/SiPMs

Hybrid sensors with 3D electrodes

Low noise Monolithic sensors

Monolithic sensors with gain

A solution requires tight interaction between sensor designers, circuit designers, silicon
manufacturers, packaging service providers
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Timing with silicon detectors — a system perspective

The detector is just one part of the game:

* Performance (bandwidth, noise and size) of available readout
electronics related to:

* available process technology (cost)
* available power (cabling and cooling)
e pixel area (granularity)

* Pacakging (3D stacking):
* in hybrid detectors affects the parasitic capacitance (noise)

* In monolithic detectors can be used to integrate advanced (fast
and low-power) digital circuits in-pixel



Perspectives for hybrid integration: low-capacitance 3D interconnections

e Hybrid integration development at Sony, STM,
TSMC, Samsung, IMEC ...

* |ZM Fraunhofer fine pitch interconnections

* Today more processes are available, which ones
are accessible and cost-effective for research?
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Cross section of Sony MX260 stacked sensor
https://www.techinsights.com/
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U-bumping:

Pitch 50...20um

Bump size: 25...12um
Material: Solder bumps,
pillar bumps with solder
cap
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Sub-10u-pitch:
Pitch 10...2 um
Bump size: 6...1um
Material: pillar bumps
with solder cap, pillars,
pads

T. Fritzsch, et al. AIDA2020 Topical Workshop on Future
of Tracking Oxford, United Kingdom, 1-2 April 2019
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How to go below 30ps with LGADs?

* Low threshold = practical limits in an array due to jitter, uniformity and
electrical cross-talk

* Thinner sensors (< 50um)

Time Resolution due to Landau fluctuations

160 - 40db BB Amplifier; 50 - 300 micron, 6pF
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LGADs: radiation hardness

Rad-hard operation and 30ps timing demonstrated up to a fluence > 10*> 1MeVn,/cm?

Time resolution for UFSD FBK sensors in the bias-gain plane
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R. Arcidiacono et al., NIMA 978 (2020) 164375
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CMOQOS SPADs

Fully compatible with standard
CMOS

Higher Dark Count Rate than
dedicated processes

Active region thickness: ~ 1um

* Timing resolution with IR light
o, < 26ps
metal shield metal shield
/777777777 A<—optical window—>{/// /7777777774
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— SPAD FWHM=82ps
— MPD PWHM=109ps3

Pulsed 468-nm
laser stimulus

.| ——SPADFWHM=61ps
—— MPD FWHM=64ps

Pulsed 831-nm
laser stimulus

—— SPAD FWM/100=828ps
— MPD FWM/100=1.15ns

—— SPAD FWM/100=1.50ns

2 3
Time (ns)

—— MPD FWM/100=1.21ns

H. Xu et al., Opt. Express 12765 Vol. 25, No. 11, 29 May 2017
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SPADs: efficiency for charged particles and radiation hardness

= Efficiency: same or slightly larger Dark Count Rate (DCR) increase in CMOS

than the Fill Factor SPADs with 43 x 45 um? active area
35 | |

" Large increase of DCR at fluences
of 10* 1MeVn,,/cm?

= Radiation hardness can be
improved by: .
* Reducing the cell size (like in
HD-SiPM), but there is a trade- 10
off with Fill Factor (Trench 5 |
Isolation might be useful)
0 510° 1107 1.5 107 2107

* Cooling ADCR [Hz]

L. Ratti et al., IEEE Tran. Electron Dev., Vol. 66, No. 12, Dec. 2019
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Looking at industrial developments: LIDAR

1.0E+04 : :

* LIDAR requirements and approaches: T 10603 Silicon ot
synergy with time-resolved particle 10802 |
detection PER s b

oo ' |
o c

* |IR wavelengths: 850-940nm: requires £ 10800 i
20 — 50um active silicon substrate for 2 1oe01 !
efficient detection: thick epitaxial layers 2 Lomo |

<T ' |

* Time of Flight: 66 ps time resolution = 1cm 1.0E-03 . :

distance reSOIUtion 300.0 500.0 700.0 900.0, 1100.0

Wavelength [nm]

Several CMOS foundries introduced
process modifications to obtain fast charge
collection by drift

https://velodynelidar.com/
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