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Some Acronyms:
CTA: Cherenkov Telescope Array

CTAO: CTA Observatory

LST: Large Size Telescope

DiPC: Digital Photon Counter

FACT: Fast G-APD Cherenkov Telescope

IACT: Imaging Atmospheric Cherenkov Telescope
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The Advanced Quantum Architecture (agualab)

EPFL Microcity Neuchatel

N

A
= T EPFL Neuchétel

] / The Canton of Neuchatel is hosting an important part
/ of EPFL's Microengineering Institute (IMT). Itis the

research activities covering topics such as health,

)
. . S\ - icrosysims. photovlae o wakchmaking
7 { N
T S o
A ~ ! 3

){//‘, N )
S/
4 {
Y
] )
1 (Y 1
)
L O
v
)] J
/
~ <

Copyright © Free Vector Maps.com

© Edoardo Charbon 2020



The people of aqua
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aqgualab activities

* Quantum imaging (single-photon generation and
detection)

Fundamentals

(e]

o
_ _ Systems
» Ultra-fast imaging (1Gfps camera) and Applications

« Quantum random number generators and QKD (et

* Cryo-CMOS for quantum computing applications

O
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SPADs, SiPMs
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SPADs, SiPMs
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Avalanche Photodiodes (APDs)
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Single-Photon Avalanche Diodes (SPADs)
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Quenching a SPAD in CMOS

« The SPAD becomes like any other digital device but it is
triggered by a photon!
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Passive quenching technique
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Characterization of SPADs

Timing resolution (~10-100ps)

Sensitivity
o Photon Detection Probability (PDP) (up to 50-60%)
o Fill-factor (40-80%)

Dead time (10-100ns) -> spatial/temporal oversampling
Dark counts (cps-kcps)
Afterpulsing (0.1-10%)
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Normalized counts

Timing Resolution
405nm 637 nm

| — Excess bias: 11V

1

p-i-n SPAD (vertical diode
construction)

= 12 um diameter

= litter (blue): 133 ps-97.2 ps

= Jitter (red): 139 ps - 101 ps

—— Excess bias; 3V
—— Excess bias: 7V
—— Excess bias: 11V

—— Excess bias: 3V
—— Excess bias: 7V

Time (200 ps/div) " Time (200 ps/div)
(a) (b)

C. Veerappan & E. Charbon, IEEE TED(63) 2016
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Noise: Dark Count Rate (DCR)

State-of-the-art SPADs in dedicated technology:
0.04~1cps/um?

State-of-the-art CMOS SPADs:
0.1~10cps/um?

1cps

250cps

3keps vs. 60cps
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DCR (Hz)

DCR Uniformity Screamers or

hot pixels

. : . : . <0.04 %

Laughers or warm pixels

0 20 40 60 80 100

Percent of pixels (%)

Courtesy: Yuki Maruyama, JPL, Pasadena, USA
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Peak PDP (%)
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PDP vs DCR

Sanzaro Webster
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C. Veerappan et al., IEEE Trans. Electron Devices 63(1), 2016

A. Ulku et al., JSTQE 2019
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SPADs, SiPMs
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Analog Silicon Photomultipliers (A-SiPMs)

(Ta=25 °C, M=7.5 x 10°)

Number of photons
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A-SiPM performance (ex:

PDE

Photon Detection Efficiency (%)
s A o w @

" Wavelength (m)
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Dark Count Rate (kHz}mmz)
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C-series)
DCR

36 4 25 & 55
Overvoltage (V)

Source: SensL/ON Semi
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A-SiPM arrays

© Edoardo Charbon 2020

SensL SiPM array
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Digital Silicon Photomuiltipliers (D-SiPMs)
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An Image Sensor for FLARE



FLARE

* Objective: build an innovative camera for the advanced LST

* Proposed solution:

o A-SiPM + Front-end-electronics (FEE) ASIC + Fast A/D converter (FADC) ASIC +
FPGA

o DiPC + FPGA

« Aim: fully digital processing with ML image filtering as close as possible to the
Sensors

ASIC: Application-specific integrated circuit
FPGA: field-programmable gate array
DiPC: digital photon counter

© Edoardo Charbon 2020
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Moon Spectrum
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—s— Excess bias: 12V}

SPAD PDP

600 700 00
Wavelength (nm) 31

oo 500



9.4 mm

23 mm

Pixel Boundary Conditions
Active SPAD area

55mm

© Edoardo Charbon 2020

13 mm

32



A-SiPM

For small Cherenkov telescopes, Silicon Photo Multipliers of 3mm x 3mm is
enough

For larger telescopes, larger SiPMs are preferred

SiPMs beyond 6mm x 6mm with analog readout are not feasible, unless
composite detectors are used

Photons will arrive within few ns
A SPAD area of 50um x 50pm or 100pm x 100pm is a good compromise

© Edoardo Charbon 2020
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A-SiPMs + FEE + fast ADC (FADC)

Voltage t t t
1 2 N
A

_____________ e

SRS Xy

AR

Time resolution At: 1-10ns
Amplitude resolution: 8-12 bits (256-4096 voltage bins)
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Commercial FADC
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’ Shift Register |_,

[tjgger distribution

Ethernet connector

trigger
DRS4 readout

DRS4 (Radec)

CW-HV
Preamp

arXiv:1509.00548v1 [astro-ph.IM] 2 Sep 2015 ¥ it 35¢cm
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Time information

Event

=min{t1y t2, t3’ . tn}
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Time-to-digital converter (TDC)
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The simplest TDC: a counter

* Resolution: T = 1/f;j0c
» Conversion rate = 1/latency

CLOCK

START STOP

|
—> —— DATA

cock _[LILILILILI L

START

STOP

B |

DATA

|
( BUSY ’IVALD )
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Advanced TDC: a coupled, fast RO

Example Analog techniques allow greater architecture flexibility
* Resolution LSB = 30ps
o Multi-input conversion \ VDDosc
o Resource reallocation Vi VDD
« DNL: £ 0.3LSB ofT g.jfz@g; — >~ 2
T Br——-—_">
* INL: £ 0.8LSB o % ‘

3

B D:
- "= . > —
B Tg T
*
7 - Bit D:
—R }_3;_| Ripple Counter
Vss B
_LVSSW-

Single-gate delay means less power, faster transitions
C. Veerappan, E. Charbon, et al. ISSCC2011
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DiPC architecture
original idea due to Adrian Biland, ETHZ

* We DO NOT store
o all analog signals coming from the SiPM (DRS4 style)
o all the analog signals ad 1GSa/s or higher

* Instead,
o we will count (possibly time stamp) only SPADs that have fired over the last Sus
(example: LSB=75ps; depth=16 bits)
o since the firings will be sparse, we will have a small data volume
o we can perform coincidence on chip and reduce data volume further
o 1000 DiPCs in parallel can be handled

* In addition, we can get

o djstritl)ution of signals among neighboring pixels, and possible time gradient over the full
signal.

o with time stamps, more advanced analysis schemes will be possible

© Edoardo Charbon 2020 40



Dark count rate (DCR)

Even in the darkest nights there is plenty of Night-Sky Background photons
(4Mcps/mm?)

A dark noise (DCR) of 1Mcps/mm? is acceptable
=> 1cps/um?, this is not too challenging in SPADs

DCR is not a concern for Cherenkov telescopes

10° Max allowable DCR, assuming

_ A SPAD area of 30x30um?
o W
— |
= 107}
8 | | =¢40C
ML ‘—9—50('
g f | == 20C

[ | == 10C

0 i 4 L " i -
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Excess bias (V)
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DiPC architecture
rme stameing ||| | HEMENEERRNRRRRN

Processing Processing
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188 SPADs
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Example: 1728 TDCs

1 [—DMn
5 |——Calibrated DNL

DNL = +0.22/-1 LSB
INL =+2.39/-2.6 LSB

After calibration for ]
C|0Ck tranSItlon. 0 200 400 600 800 1000

DNL = +0.6/-0.48 LSB TDC Code
INL = +0.89/-1.67 LSB

DNL (LSB)

—INL
P i Calibrated INL

INL (LSB)
O R T S

400 600 800 1000
TDC Code
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Example of on-chip processing

PEAK LOCATION

Q [9o[8[7]6[5[4[3][2]1[0]

PEAK[0] == 0 & Q[9:7]
HISTOGRAMMING =>T1
PEAK:[ T1 [ ? [ ? Jo]

v

Q9:7]==T1&
Q[6:4] HISTOGRAMMING => T2
PEAK:[ TL [ 12 | * 0]

v

Q[7:9] ==T1 & Q[6:4] ==T2 &
Q[3:1] HISTOGRAMMING =>T3
PEAK:[ T1 [ T2 | T3 Jo0]

v

STORE PEAK VALUE INTO
PEAK_MEM

Photons Photons

Photons

Codes

Codes
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PARTIAL HISTOGRAMMING

Photons
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|
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|
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|

|

|

|

|

|

: Codes
|
! STORE i
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

HIST_MEM (80-bit)
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ImpIementahon on 180nm CMOS

21.6 mm

10.2 mm

S. Lindner, C. Zhang et al., Symposium of VLSI, 2018

e 180nm CMOS C.Zhang, S. Lindner et al., ISSC 2018

» 28% Fill factor (28.5um pitch)
* 11.2 Gbit/s output data bandwidth
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Process technology
Pixel pitch (pum)
Active diameter (um)
Drawn fill factor (%)
Sensor resolution

Breakdown voltage (V)

Max. PDP (%)

Max. PDE (%)

Median DCR (cps)

Crosstalk (%)

Afterpulsing probability (%)

Timing jitter (ps)

Small pixel perspectives

Abbas, IEDM’16
65/40nm

3D-BSI CMOS
7.83

45
128x120

12

27.5
(Vex=3V)
12.4
(Vex=3V)
11,000
(Vex=3V)

136
(Vex=3V)

Henderson,
IEDM*10

90nm CMOS

12.5
3x3

10.3

36
(Vex=0.6V)
4.5
(Vex=0.6V)
250
(Vex=0.6V)
<0.1
(Vex=0.6V)

107
(Vex=0.6V)

Abbas, IISW’17

130nm CIS

14%*
4x4

15.8

15
(Vex=3.2V)
2.1
(Vex=3.2V)
150
(Vex=1V)
0.13-0.22
(Vex=1V)
0.18
(Vex=1V)
107
(Vex=3V)
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K. Morimoto & E. Charbon,

Opex 2020

22
1.2
19.5%
4x4

32.35

10.3
(Vex=4V)
2.0
(Vex=4V)
751
(Vex=4V)
2.97
(Vex=4V)
<0.20
(Vex=4V)
72

(Vex=4V)

180nm CMOS

3

2
32.3*
4x4

23.6

17.3
(Vex=6V)
5.6
(Vex=6V)
1.6
(Vex=6V)
2.75
(Vex=6V)
0.20
(Vex=6V)
70
(Vex=6V)

4

3
42.4*
4x4

221

335
(Vex=6V)
14.2
(Vex=6V)
2.5
(Vex=6V)
3.57
(Vex=6V)
0.21
(Vex=6V)
88
(Vex=6V)
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Fill factor recovery: microlenses

© Edoardo Charbon 2020
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lenses

MICIo

ill factor recovery

F

J. Mata Pavia et al., Optics Express 2014
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C. Zhang et al., JSSC 2018
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Fill factor recovery: microlenses

simulated CF for 37 um
—&— measured CF for 37 um

Concentration factor

4
_____ simulated CF for 49 ym
2 &— measured CF for 49 um | |
_ % _ _simulated CF for 45 um
0 H T T T
0 5 10 15 20 25

f-number

J. Mata Pavia et al., Optics Express 2014

© Edoardo Charbon 2020



3D Integration



3D Integration: FSI vs. BSI

Front-illuminated structure back-illuminated structure

On-chip lens

. | o
Light receiving surface

Photo- ' l
Substrate iade

n

Eecd
BER BER  Vefawnng

L |

Source: Sony
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3D Integration: Flip-Chip

'

ATopad_

Supesr-Contact

t
:
s
i

\
Si
’
Si02 Top wafer
== S i

Si02 Bottom wafer

Si

T i
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2D or not 2D: this is the question

A full camera needs 10’000 SiPM. There shall be several cameras.

2D

+ + |lower costs
» -larger SPADs and simple electronics per SPAD

« 3D

+ + different tier for SiPM and processing electronics

* + better fill factor and therefore better overall sensitivity
« + allows to use smaller SPADs

* + more space for more processing electronics

» - higher costs

© Edoardo Charbon 2020
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70
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PDP [%]
w e
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SPAD 3D integration evolution

M.-J. Lee et al., Jpn. J. Appl. Phys’18

T T T T
—— JSTQE'18,45 nm CIS

—v— EDL"7, 65nm CIS
—A— [EDM'16, 65 nm CIS
—8— JSSC'15, 130 nm CMOS
—&— NSS§'4, 130 nm CMOS 4

- ——V.=25V
S, 20t —v— V=44V

- a —— V=30V
o 15+ —o— V=15V

o —a— V=40V
= 10 E
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0 1 1 1 1 1 1
400 500 600 700 800 900 1000 1100
Wavelength [nm]

300 400 500 600 700 800 900 1000 1100 1200

Wavelength [nm]
C. Veerappan & E. Charbon, TED 2016
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Apple’s SPAD 3D integration

Digital
circuits

4= Bottom tier

SPAD

<% Top tier (7um)

Microlenses
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BSI + 3D-stacking

31.3% FF

ﬂ** Tier 1

Photons

per SPAD

. =

JEE=S2C=
2 V-

e Tier 1: SPADs + microlenses

 Tier 2: quenching, recharge, TDCs, multi-core, memories,
communication unit, I/O
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BSI + 3D-stacking

31.3% FF 44—
¢¢ Tier1

Photons
Z Multiple 3D connections
per SPAD
Ve
JBS=SZ== 20
| s Y E
>
PR S S
i . : Tier 2
* Masking mechanism : {¥ie 0
' quenching
* Interface 5
° Memory g‘ﬁﬁ—'%n/Bm}n—i 60n/390n
N
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Bottom-tier electronics

© Edoardo Charbon 2020
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Bottom-tier electronics

[ Quenching

Decision
Maker

Ximenes & Padmanabhan, ISSCC18
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SERIALIZER ACCESS &

Bottom-tier electronics

CONTROL

READOUT ¢

2

[’
{_ADDR_ROUT
|

DATA_ROUT

MeM

21b

{ 64 x21b - {
{ MEM_WRITE i
{ b {
{ MEM_READ 21b !
{ : 14b ALU DATA_WRITE {
SHARED TDC { : DATA_NEW DIGITAL PROCESSING §

A.R. Ximenes, P.Padmanabhan et al., ISSCC, 2018
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3D-stacked chip micrograph
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256x256 3D image reconstruction

Letters:
15mm tall

© Edoardo Charbon 2020
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Moore’s Law for SPADs

10 kpixel

1 kpixel

32 pixel g‘l

2003 2006 2009 2012 2015 2020 2025 2030




Conclusions



Take-home messages

* CTA has to keep data volume and power low!

» Proposed techniques in DiPC
o Keeping signals digital to avoid unnecessary conversions
o Compute time stamps
o More advanced digital processing

* Modularity is an important ingredient to large photonic
systems and

© Edoardo Charbon 2020
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Thank You
http://aqua.epfl.ch



1st International SPAD Workshop (2018)
2nd edition: Edinburgh (2020)

SPADs are “hot”...Les Diablerets, CH, Feb 2018 https://issw.epfl.ch/

Next edition: 2022, in an undisclosed location
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Completed Polis Process

«—— wirebonds

<10um pitch
Cu bonds

TSV

Bumps

Demonstrator 1 : 2-tiers 3D Demonstrator 2 : 2-tiers 3D
assembly with the same CMOS assembly an imager tier and a CMOS

technology for the two tier (Existing 40nm technology (with breakable low-k
imager technology). materials). it will include TSVs.
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