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EONRATONE The silicon Photomultiplier

Silicon Photomultipliers:

array of compact independent SPADSs,
with integrated quenching circuit,
outputting the sum of cell signal
(analog sum or digital sum)

Analog SiPM Digital SiPM

SPADs are connected in parallel.

SPAD signal digitized at pixel level.

Output analog signal is proportional
to the number of photons.

Integrated digital architecture allows
data processing on the sensor.

CMOS technology.

Optimized signal treatment,
guenching/reset and processing.

Custom technology (or CMOS).

“Simple” technology, optimized
SPAD performance.

C. Piemonte — SENSE tech. forum 2018
Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo) 2
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X Analog silicon Photomultiplier (aSiPM)

Cathode (K)

(Analoqg) Silicon Photomultipliers:

* integrated passive quenching * Single photon
« SPADs connected in parallel " " " "< . GAIN =105+ 10°
* Amplitude and gain proportional to Bk Boik Seck e —’

the number of photons spapl spanl. spanl sPAD

Anode (A)

Quenching
Resistor £

N - Silicon

www.ketek.net/

Pulse height

Trench

Time Hamamatsu MPPC techinio

When excited with faint light
flashes, it gives fast, proportional
signals with high internal gain. It
Is a solid-state PMT.

www.hamamatsu.com

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo) 3



- R
K aSIPM: main characteristics

v Single photon sensitivity Lo .
v" Good Photon number resolution > |H ‘ ]”l mll ]
(up to tens and even 100 photons ™ £ o7 | ,“ I
distinguishable) gzzz MF |l‘ ,' W ]
v High photon detection efficiency: vé oaf | l IM' ,‘“\'Ulh k
v' High fill factor: ~50+80% over the Z 0ap R (il ﬂ| HMJ}“‘F
whole detector area ot (LA M/’* i JJ! ATLARLARTI J\J“
\/ POSSIbIIIty hlgh dyna‘mlc range 0-00 5 10 15‘ ‘2(‘) ‘25“ 50 f;l"; | 40 45 50 55 60 65
up to few or hundreds of thousands Triggered cells
v' Good time resolution (SPTR, CRT) s st SR eee SR SRS
v' Compact and rugged _g
v Low bias voltage (25V+80V) g ......................................................................
v" High gain (10° — 109) % RGB-SiPM
v Insensitive to magnetic field e
v Different optimization: PDE Rl BT NUVSPH
optimized for blue, green, VUV etc. PR PR L
) gisﬁi = R gign Source: advansid
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| ' [ $10362.33-1000 | '
“t E=mrs & srsTzo0
50 | ."If A iOOLGTq .
i m Q o %5LCT4
s | [ .'ll?{ | ¢ S0LCT4
2 [ | -
[1+] a0 L, | | | | |
|_ - { i { i M,
P I : : : :/../’{i*
e m D{I{ | I Z/A |
& B : I : I I ————
i : : | : T
G SES SRSSER =
= - : N g . N —— e | - Improved substrate
¢ B SEEEEE R  Ees nnE RN e —— -
) Minority carrier lifetime
) ' : ’ ‘ 0 ° ! ° reduced ~ 2 order of magnitude
(HPK: Koei Yamamoto, 2" SiPM )
Advanced Workshop, March 2014)  Overvoltage (V) = lower delayed correlated noise
source: Yu. Musienko, SENSE TechForum, Geneva, 21.06.2018
80 70
70 " | 2310V | 50 A=410nm "ﬂ:ﬂcw:‘-‘-—:ﬁ:’_‘{:'.\
. HHH[ [ :’ 285V 50 e
< 50 L 5"
2 i { H I VBD: 25.5 V = w0 F
w 40 i | | i {‘ - . ; f? A
o i {,1{.{- o 30{ [
a 30y i bt = Meas. by S. Gundacker
g, 20
20 [ ‘HH%%@H i 0 -- & - HPK 513360-3050, 50pm, 3x3mm?
+ 41 e Ketek PM3350 (WBAO), 50pum, 3x3mm?
10 | | | | | | i f{‘iiz;li‘ 10 _ ---4--F§}SNUV—HD,4(0um42(4mirt1r: e
(KETEK — Photodet-2015 (Troitsk)) 0 T Senst FJ, Soum, xdm
$OU 40U 4oy ouv obou ouwd B350 700 750 800 0 2 4 6 8 10 12
Wavelength [nm] overvoltage [V]

Lower correlated noise - allow operating SiPM at higher excess bias - reach higher PDE
Combined with structure improvement - Higher FF - higher PDE

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo) 5
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<

SiIPM producers

r—
S|
o 4 b b
o ¢ o/
&Y —

- Broadcom

Hamamatsu

1 3

-

NanoFab
AdvansiD \;_1 KOI’E‘?’
— V .1.
| =
— y

Source: W. Ootani, Special workshop on photon detection with MPGDs, (Modified)
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pEM CMOS SPADs and digital SiPMs

Di?:i'talt P ial dSiPM Digital SiPM SPAD signal summed-up:
* First commercial dSi -up:
from Philips Vo V ‘ information on number of photons,
- Individual pixels can be _car But no spatial information

turned on/off £ Rechagel) ‘ _ ‘
Energy
. e EEE EEE S B S S S S B S B S S S S e . . —y
’ L ]

2 ' D HL’ L ., 7
\ [Eaaa
N\ [PREYIYS
\"\\ | TDC | | Counter |

\
[
[ [
| \|cecacanag| |
| r‘{‘;‘rlx‘xxxwxu'/ |
Threshold o ﬂa o im:’a 2% I v vy (@ I
| I’::‘ Real-time discriminator ARG :
| ‘ T .
PoliMi SPADS - S g'ivl\\/l’ tr‘??]d' d electront I
: D iPM with segmented electronics
SPAD + quenching circuit I £ [
—> basic block ! I [
SPAD imager I y <64 I
2) Addition of counting and a7 o © I Charmel
ancillary electronic - smart pixel % % % | Gilve Quenching - |
ate
) e . '
| i } - 8-bCounters & ‘ |
B/ | I = 8-b Shift Registers i _m_ |
7/ % % | - L 3 Lo !
ol ! I __ |
I Se——1 Sensing Merging Gating I
: : | [
Counting & time-stamp of each SPAD \ —_— : 1
- single-photon based image y
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Example: SPADnet Photonic Module

Source: slides from L.Gasparini,

Digital SiPM (D-SiPM) System-on-Chip (SoC) oresented at CERN 2018

scintillator crystal

gamma ' -
photon » Light Spot Position (X, Y)

Pulse Arrival Time T

scintillation

event '—.nm'e

2 Vo T

o o

& o Pulse Energy
photosensor

720 SPADs
43% FF

S - -

X Iy | T T T T AT
‘X‘EI I T T T AN :
gxgxgxgxgxgxgxg ] [ i
Ry e I e e e s v PIXC| Plxel

b .
| Toe | | Counter | [ : MiniSiPM [f."\mr&Pi,}

P N N N e N e N s

(VAN VAN VAN VAN VAN VAN VAN VAN VAN|

MiniSiPM MiniSiPM

RN e e v vz vz v v e
N \walxwxwxwxwxwxwxw

e R

8x16 pixels P

92k SPADs -
Pads_._

SN e BT

Threshold Start Stop
integration integration

Real-time discriminator T

[ v

Integration
time

16-bit photon counts @ 100MHz Trigger
Per-pixel photon counts and timestamps

2 acquisition phases = 2 operating modes
* Beforevy: Single-channel D-SiPM with real-time discriminator
* Aftery: 2D array of D-SiPMs with photon counters and TDCs

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo) 8




- I —————
X Example: Digital SIPM with 3D integration

3D Integration SPAD QC TDC SPAD QC TDC
* Maximize photosensitive area B B
* Heterogeneous technologies & S2q Channel Channel

integration

SPAD QC TDC SPAD QC TDC

Custom process —

Channel Channel

\ \ 2
Array readout
with post-processing

TSMC CMOS 65 nm ———

30.0
=8-Swapped Current Source TDC Optimized custom technology for SPADs
=a~Digital 5iPM Channel +
g 250 CMOS advanced tech. for quenching and

processing.

* Focused on best TDC and timing

SPTR FWHM (
INJ
=)
o

150 performances
' 17.5 ps FWHM 12 ps — Obtained <20ps FWHM single-
@ 7.4 psres photon time resolution on one
10.0 channel.
0.0 5.0 10.0

TDC Resolution (ps)

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo) 9



SIPM typical applications

al Imaging

‘PET PET/MR - PET/CT - SPECT . j Ca\l imeters - -‘Particle Physics

- Gamma Cameras

b mm”“l'l””ll!}w :

erenkov light - LXe - LAr

i g
) {1 -
m b, I- |||

—]
\i" i
e A

h & Life Sciece

Secu rity & Safety

Inometers - Flow Cytometry ; B Homeland Security - Cargo Scanner
Spectroscopy - FLIM Radiation detectors - Dosimeter - Environmental monitoring

o

-

Analytical Instrumentation

SEM & Confocal Microscopy
Material Inspection

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo)

)
AdvanSiD

Advanced Silicon Detectors
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New applications

fNIRS (functional NIR Spectroscopy)

R. Zimmermann, et. Al. "Silicon
photomultipliers for improved ...”

Re et al. Neurophoton. 3(4), 045004 (2016)

LIDAR (light detection and ranging):
automotive & industrial

¢ VUV A
Xe Kr Ar

 NUV
* NIR

M

175nm> "™ 128nm

f ! f ;‘ f T Slow

1

EMISSION INTENSITY

WWW . Viavisolutions,com !

1 L

eu.industrial.panasonic.com

1 X
6 7 8 ) 10 n
PHOTON ENERGY (eV)

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo) 11
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New trend:
NIR-sensitive SiPMs

(for LIDAR and others)

www.viavisolutions.com

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo) 12



SNR

SiPM for LIDAR

BMW Selects Innoviz Solid-
State Lidar For 2021
Automated Driving Program

g Sam Abuelsamid s

10*
5 Wi Z
=l g5 NE N
10° = ¥ =
53 7
1 ¢f— Z
l| I[ 7L
= H || Return light
l I Electro-mechanical -
' ‘l' f rotating mirror ot
10 ' =
01 1 10 o0 3
Distance (m) E
=
SiPM array Laser diode array =
e
e SEE sor ) e i
PIN  APD SiPM

PIN
— APD
— SIPM

SensL @ NDIP2017

Ford

A Ford autonomous vehicle. Courtesy of Ford

buys Geiger-mode lidar firm Princeton Lightwave

Theoretical studies

Laser pulse 40 ps FWHM

— sPM

-

i S i |— PMT il
10 ‘\\\\“ — APD

i - = TR limnit
'\\\ ’ SNR LimitH

S

S.-Vinogradov @ $PIE optics 2017
o1 1 0

1

SNR
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Photon detection efficiency (%)

30

25

20

PDE

SiPM specifically developed (NIR sensitive)

at Vop

P-on-N Type

--513360-1325CS
=—513720-1325CS

50%

45%

40%

35%

30%

25%

20%

15%

10%

5%

0%

S13720 series
(NIR measurement)

"\, N-on-PT S
o Tyee DOCORUCENRCERIEE
e 840nm
12% i o B s B
905nm
7%
NIR Linear MPPC
940nm
4.8% 16 channel
200umx175um
25um pixel
400 500 600 700 800 900 1000 1100
Wavelength ( nm)
|
'D(
1 t_,.-'::.-.._..‘_ FUTURE BUILT
) ...‘_.-- --‘.-. -... ON KNOWLEDGE
N .-'.." e .. .,
| A, NIR-HD
SoA e . |
J @ _." S '-. Improved PDE in NIR
Q. ", (at 800+1000nm)
| @,
25pum cell NIR-HD ‘2_’._
J @ 25um cell NIR-HD2 ‘::;'.'_-.
A 35pum cell NIR-HD "{
- '.l.l
@ 54pm cell NIR-HD* ‘el
350 400 450 500 550 600 650 700 750 800 850 900 950

Wavelength [nm]

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo)

RB-Series SiPM Sensors

Advance Information
Silicon Photomultipliers
(SiPM), Red-Enhanced
Second Generation

ON Semiconductor®

www.onsemi.com

40

[¢]
300 350 400 450 500 550 600 650 700 750 80O 850 900 950 1000 1050 1100
Wavelength (nm)

Active R&D for SiPM NIR-sensitive.
Different producer introduced new product.

Linear array already present.

PDE @850nm and 900nm increased.

14



Interesting: InGaAs MPPC (800nm-1.6um)

Development of InGaAs MPPC for NIR Photon Counting Applications

Yusei Tamwra®, Yoshihito Suzuki, Takuya Fujita, Tomokazu Kurabayashi, | NP |
Takashi Baba. Kenji Makino, Shigeyvuki Nakamura, Koe1 Yamamoto
Hamamatsu Photonics K K.. 1126-1. Ichino-cho, Higashi-ku, L MPPCS14420 |
Hamamatsu City. Shizuoka Pref | Japan, 435-8558 | MPPC 513720 1.0 pm
0.8 pm 1.69 um
hv (A=0.8 - 1.69 -
ot “m)é 12009 1_08k 380 nm 750 nm 1.4 um
:J: N+ InP Substrate J —“I\T g 1000 4 M= uv Visible Near-infrared SW infrared
N+ InP Buffer N g 800 A Product lineup of MPPC along wavelength regions and the wavelength sensitivity of InGaAs devices
| :
I-InGafs Absorption | % 600 A I—
N-Grading T T 400 A =
N-Charge - § ':",
I-InP Multiplication Region ﬁe‘nag'?n o § 200 ~ g
Pt B 0 —— o
® Qe N M T g N o® 5
T £ S B I N e B B £
Wavelength (pm) 2
o
(a) (b) %
Figure 2. Structure of the developed InGaAs single-photon avalanche diode (SPAD). (a) Cross-section of a pixel. 5

(b) Spectral response of the developed InGaAs SPAD. The measurement was performed in room temperature.

Fired pixels Quiet pixels

B Bl RS |
m'E'm* ™

T
: r;.. gg. ;;d

-

-

Cale T ClNairhg)

InGaAs
SPAD
(\Tb

I 1.7
Bump pad % —rT (NaiNg) ? — CoplNareg)
]

[
"‘5"
|

|
|
N
=)
BE EE mE Es EE

CEE |
é:
58|
H:H\

guen_chmg % : Ra/(Nai-Ne) T CyNarM)
ircuit
ﬁj (a) (b)

Figure 6. Implementation of the hybrid nGaAs MPPC.
chip by a flip-chip bonding technique.
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New product trends and
developments

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo) 16



=3¢ Trend1: product differentiation

<Existing product> <New product> <Application> : :( RGB |2O10

NUV 2012

S$14160 series PET FONDAZIONE !
e aiolisie gty P BRUNO KESSLER
133 E e / (Scintillation) Radiation monitor { :

L ise & High PDE 2 i i
OWnoise g \ $14420 series L.Iaser microscope RGB-HD |[?°"2 \ | Position sensitive
(Peak-shift) Flow cytometry 2015 v SiPMs
. Bio-medical NUV-HD
S$13190 series ) [ \ "
ss:f:l? :«i:ee - \> Under Development /9% ,,Z’;Z‘;Z’é:,)ra"g = Ongong Developmerts ‘l; 7 ’\,‘
o / Higher resolution = = .
S1257x series NUV-HD-LF VUV-HD RGB-UHD NIR-HD
Small pixel pitch \ $13720 series LiDAR Optimized f For detectionin VUV Ultra high cell densit r i
(NIR measurement) cryog:n;'rc”;;eplic‘;r[ions & {66;011;);7”/;) (r\?er)’/gsnszll c:/;;s), / lrn(gloggg::ggt)lgrrlle

m Scintillation m Peak shift mNIR enhanced | - . .
(514160 series) (S14420 series) Silicon Photoml“tlpllers (SIPM)
~ ‘!iij -

®
/ ]

Compared to other photosensor technologies, such as PiN diodes, APDs, and PMTs, SiPMs offer a winning combination of properties.

/ These include high gain, excellent PDE, and fast timing along with the practical advantages associated with solid-state technelogy:

compactness, ruggednass, low bias voltage, and insensitivity to magnetic fields. Each SiPM series combines high photon detection

efficiency (PDE) with low dark count rate; and with other varying characteristics that are suited to specific applications.

»ﬁﬂ‘
\

- PET - Laser microscope - LiDAR
- Radiation - Flow cytometry
monitor - Bio-medical C-Series SiPM J-Series SiPM R-Series SiPM
35 Conventional / (Scintillation) (p-on-n)
Peak-Shift MPPC 514420 (n-on-p) Enhanced NIR sensitivity (10.5% PDE at 905 nm), developed spedifically for automotive LIiDAR applications, enabling long-
30 NIR MPPC 513720 (n-on-p) distance ranging with low-reflectivity targets.
g
g 25
% 20 - - - -
: * NIR in LIDAR, radiation harness, packaging
t 15 . . p- . e s . .
g | simplification, spectral sensitivity optimized to
g ol application, optimal cell-size
0 - solution: differentiate the product

200 300 400 500 600 700 800 900 1000

Wavelength (nm)
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- I —————
( Trend2: Tech./packaging simplification & improvement

aTechnoIogy : Hole Wire Bonding (HWB)

S14160 series achieves a low cost and small dead area by
Hole Wire Bonding (HWB) technology. (Patent pending)

— .~ Anode wire

~ Cathode
metal

Conductive |
resin Source: Hamamatsu
Cathode SENSE tech. forum 2018)

_PAD

CAN package

m Reference - - -
<513360 TSV type> - Low crosstalk because there is no resin on the MPPC chip
Q B <with resin> <no resin>
i - Closstalk

‘9 SiR - SiPM Technology ' 7~ 1 .
- LSS
FBK NUV'HEta.(POIV Rq) SiR-SiPM !

Trench

Metal

Resistor Resistor doped region

\ Dielectric layer 2 =
Dielectric layer 1

Dielectric layer 1

Active area

Active area

1. New solutions low-cost packaging.
(e.g. hole wire bonding)

2. Top-resin removal for lower
crosstalk.

3. New solutions for cheap and faster
microfab. process. (e.g. SiR SiPM)

SiR SiPM tech. !
G. Paternoster, NSS 2018

Fabio ACERBI - SIPM overview @ PhotoDet2018 (Tokyo) 18




— ..
->< Effect of resin on external opt. CT

cta

cherenkov telescope array

% Silicon Photomultiplier is chosen as a photon sensor for SST

% Main objective of CTA SiPM development
* Suppress OCT while retaining Encapsulation
photon detection efficiency (PDE)

credit: KETEK website

Device Backside

25 i ;
=#=LCT5-3050 Epoxy 100 um #1
=#=LCT5-3050 Epoxy 100 um #2 100 ym
= #-LCT5-3050 Epoxy 300 um #665 e
201 ~+-LCT5-3050 Epoxy 300 ym #666 7
& =*#=LCT5-3050 Silicone 450 ym #965 /""
) =#-LCT5-3050 Silicone 450 ym #966 ‘), 'g’f’
¢ 15 H ~®-LVR2-6050 No coating #15 ',.",a Sia
% -B-LVR2-6050 No coating #14 ’;/’ / -_,‘.3.
B =B-LVR2-7050 No coating #11 A - M
0 B Sl ¥ |
] Pt ol .
= & ’d'"l' ""f’ -7
O 10 P S Som g
L%7 %’ bl =" PR e
:“é— f’!’ ’f’p”” d;'”“ 0"'.::ﬁ! No coating
° R A e =
P) F P
5 DT, g ¥ ﬂ
AN W"‘m
il
0 ‘ | |
0 2 4 6 8 10

Over Voltage (V) Source:

Suppressing Optical Cross Talk in Silicon Photomultiplier
ICASIPM, JUN 11-15, 2018, Schwetzingen Germany
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Integrated passive quenching Resistor is required to quench

the avalanche current and reset the SPAD after an event

SiPM: quenching resistor technologies

Typical R, =
500 kOhm =1 MOhm

Different possible technologies....

Cons.
* High temperature
coefficient
* Additional microfab.
process steps

Transmittance [%]

100

4 o ) \/ N/~ ™
Poly Silicon Resistor Thin Metal Film Bulk Silicon Resistor
FBK, SensL, Ketek Resistor Max Plank Institute,
4 Beijing Normal University
k Metal Film Transmmnce - flk e

a0

60

40 _; (HPK: Koei Yamamoto, 2™ SiPM
: Advanced Workshop, March 2014)
P : : ;

20

200 400 600 800 1000 1200
Wavelength [nm]

Fabio ACERBI -

SiPM overview @ PhotoDet2018 (Tokyo)
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SiR - SiPM Technology

Silicon Resistor (SiR-SiPM): quenching resistor integrated in the
silicon substrate by means of a semi-conductive channel

R, doped
Trenches region R,/SPAD . . )
contact * The resistor is realized by means
e - of a shallow doped region and
SPAD confined between two
Acti trenches.
cHVE SPAD
Area Acti N . .
epi Giils * The silicon resistor is connected
Al to the device by overlapping the
shallow doped layer
Cell Size 40um R,/Metal contact 7

SiR-SiPM Advantages

* Faster and cheaper fabrication process (30% less steps)

* Simpler and more reliable fabrication process (no poly
deposition; no Si/Poly contact)

* Significantly reduced R, dependence on the temperature

* Small FF reduction

* ARCis easily customizable (single layer of oxide, no poly,

reduced surface morphology)

NUV-HD 83 %
SiR 77 %

SiPM overview @ PhotoDet2018 (Tokyo) 21
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FONDAZIONE
BRUNO KESSLER

SIPM radiation hardness — studies and improvements

LED vs. Flux (R =3 kOhm, no bias correction, non-annealed)

Studies from Y. Musienko

T 12
source: slides SENSE TechForum, Geneva, 21.06.2018 ﬁ
=
. . . =0 1 " !"g"'f‘:lio.
« SiPM are still working at 2E14 n/cm? 3 <, | awdd s
S o8 - T AR
T . .
» But, performance changes: E e O 0 1 Y B PEEE
Small increment of Vbd =  NDL SiPM, 0.25 mm*2, 2500 cells | | *
Reducti f PDE ~10% T g4 | *MPPC.1mm2 4489 cells el
selelien e o 2 77 | sMPPC, 1 mmAz, 2500 cells .
Significant increase of primary B, | |xMPRC.1mm2, 1600 cole ‘1,
noise generation 5 - oMPPC,|‘1 mmt2, 4[‘10 cells
Correlated noise (ENC) increase - g
1E+10 1E+11 1E+12 1E+13
Neutron flux [n/cm?]
0508 Results on FBK-SiPM 1x1mm?2 12um pitch, irradiated with 62 MeV protons up to 2.2E14 n/cm?2
- ® 22E14nicm*2 | 1E-02 = 1€+03
—_ ® 2E11 n/em*2 ¢ L2E14 n/om"2 D ® 2.2614 n/em’2
3 2.3£-08 . o 1603 | L= Elinemz [ o, ‘ g ® 2E11n/cm*2
3 " [ [ ]
= £ 1E-04 ‘ Zmoz v—9
S 1.56-08 : * = - 2 N
I . 5 1E-05 . n, «
5 * ., - . : .t
g ,se00 . _e ¥ 1E-06 Lo £ 1E01
< . . 8 k07 | g ~ |
[ . w o o |®
0.0E+00 . » 1E-08 1E+00 =
32 kx| 34 35 36 o 0.45 0.9 1.35 1.8 0 0.45 0.9 1.35 1.8
Bias [V] V-VB [V] V-VB [V]
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FONDAZIONE I
BRUNO KESSLER

raalation naraness — stuaies and Im

« Trends to improve radiation hardness:
1. Small (or very-small) cells

- reduced effect of noise cells,
- lower gain and lower power consumption after irradiation

2. Low-electric-field
- Higher Vbd and DCR dependence on temperature

—> greater reduction of DCR with cooling, even after irradiation

Example UHD-SiIPMs - very small cells
Finished 10 um cell pitch

** RGB-UHD-" SiPM
80% » '/" ' ’_RGB' HD :
" . o
g 70% ¢ A ~ T 08
£ ',’ /' ‘/' %
= 60% AEEEY.A| - 06
} 2 oS al 2
50% 17 RGB o 04
(y &
a0% f 02
30%
0 10 20 30 40 50 0
Cell Size (um)

Laser response

A
S 3
i

L

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo)
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* 12.5 micron ]
* 10 micron
* 7.5 micron |

<4 3.4ns

20 30
Time [ns]
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Big experiments with liquid Noble-gas
scintillators

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo)




e LXe and LAr experiments usiﬁg_STISI\—/I_
m_

MEG-II Hamamatsu VUV2 0.6 m2

NnEXO LXe FBK, Hamamatsu, 3DdSiPM ~“5m2

DARWIN LXe SiPM is one option ~8 m2

. ’ < :

DarkSide-20k LAr FBK NUV-HD triple dopant 15 m2
DEAP-300t LAr SiPM is baseline option ~200 m2
Proto-DUNE-SP LAr Light guide or trap + SiPM

DUNE LAr Light guide or trap + SiPM

source: F. Retiere — ICASIPM 18 T N T T T

Xe Kr Ar

Fast

EMISSION  INTENSITY

J Chem Phys vol 91 (1989)
1469 E Morikawa et al

6 7 8 g 10 1
PHOTON ENERGY (eV)
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—2<CT e > vuv light detection challenge

Typical (NUV-HD)
Multistack of
Si;N, and
SiO, layers

1. Anti-Reflective Coating (ARC)
* VUV light can reflect on SiPM
« VUVlightis absorbed in the
dielectric layers_protecting the SiPM

10 4 o 1Silicon Nitride
o Lar ixe fabsorbs at A< 300 nm
s = New VUV ARC:
s l / - Elimination of SiN
& - Preservation of the surface passivation quality
5 0.8
8 Si | FBK simulations \’
% o1k 8 06kh
c
1]
X O I O %04 ]
] 100 200 300 400 00 &00 Foo
wavelength, nm L VUV ARC
1]
= 0.2
NUV ARC
0 'l '] L L L L
200 250 300 350 400 450 500
2. Ultra-shallow interaction depth in Silicon Wavelenght (nm)

(possible QE losses due to surface
recombination).
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LXe = VUV SiPM performance

mppC Dark countrate  IVIEG-II MPPCs

B ER
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Quartz window (0.5 mm?)
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b e ‘_]. : : "
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Source: F. Retiere — ICASIPM 2018
30 :
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— 25 (@175nm): ~20% !
.
=
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?. r i x ;T
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4 i VUV-Sensitive Silicon Photomultipliers for Xenon
S " Scintillation Light Detection in nEXO
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. 5 = « LFSI1
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SIPM at Cryogenic Temperatures

Example: Darkside 20k experiment

~ 23t of UAr

LAr (A=128nm)

TPB WLS:

A i e — I

2 light readout planes: 15 m? SiPM tiles

DarkSide-50 DarkSide-20k
PMT-based TPC SiPM-based TPC
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Thermal generation
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~1.E+03 - i - = — l
”E © Low field-OV =6V NE 1.E+02 i
€ 1.E+02 £ - '
= ¥ 1LE01 NUV-HD Low-field ‘]
z z 1
= 1.E+01 S !
1.E+ =l
S 1.E+00 a H :’
1.E-01 . g |
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1.E-03 1.E-03 .
0 50 100 150 200 250 300 25 20 15 10 5 0
1000 / Temperature (K?)

Temperature (K)

NOTE: thermal generation can be fitted with exp. curve in 1/T plot.
Tunneling can be approx. fitted with exp. curve in the plot DCR vs. Temp.
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DCR: how scales with temperature?
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25 um cell 1.E+06 | | Thermal

-m-Std. field -OV=4V generation
1.E+05 | B -Std. field-OV=5V
@ Std. field - OV=6V ¥ 8
1.E+04 | -e-Lowfield-OV =4V ﬂf
-@-Low field -OV =5V g
—~1.E+03 - o Low field-OV=6V ,:;_-;.
= .-~:'F9
£ 1.E+02
S
T
; 1.E+01
8 Standard field
. 1.E+00
Tunneling
1.E-02
1.E-03 ]
0 50 100 150 200 250 300
0.3 counts per day per cell at 77 K! Temperature (K)

A 10x10 cm? SiPM array would have a total DCR < 100 cps!
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NUV-HD - old batch
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3rd: afterpulsing reduction at low temp.

Afterpulsing can significantly increase at low temperatures
because of increment of deep-levels de-trap time constants!

Solution: Low-field + modified dopant concentrations in the microcell
—> significantly reduced afterpulsing probability at cryogenic temperatures.

At 77 K, operating range is
1.E-03 : :
/ increased more than 4 times
1.E-04
1.E-05
<
— 1.E-06
]
t:: 1.E-07
2 1.6-08 25 um cell
o
g 1B T =77K
—SF —
1.E-10 Rq =12 MQ
—LF Cell size = 25 pum
1.E-11 —LF Low AP ||with light
1.E_12 1 1 1 1 1 1 L 1 1

-4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26
Overvoltage (V)
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Vbias

T Vi
DD
= R |
DD

TIA TIA TIA

| summing

SiPM signal summing:
Hybrid configuration 4x2s3p

Photon counting at 77 K

darkSl N

two-phase [

e 4 transimpedance amplifier: each TIA reads 6cm?

e Hybrid configuration for SiPMs: 4x2s3p

¢ Further cold amplification before transmission outside

Good gain uniformity

500

- Entries 400149
of ~4 M SPADs :
=l B Gain: 21.0
" 2000— \\5\ Il
C 1l Oyt 1.52
C ' It
B . 1 SNR: 13.8
1500— i i 2
C it Total Area = 25¢cm?2
1000(— i e !
C tl : 1 readout channel
- t

-
-
f).

|
L)
o
o
u
o
=
o
o -
-
n
o
N
o
o

250
Amplitude [Arb.Units]

To limit the number of channels the
readout of a large area with a single
channel is required:

SiPM Capacitance: 50 pF/mm?
R&D to preserve
amplification, signal stability,

bandwidth

-> Hybrid configuration
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Other interesting development
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< Position sensitive SIPMs

SeSP uni. of Aachen, Germany [1] ISIPM univ. of Heidelberg, Germany[2] PS-SSPM RMD, USA [3] LG-SiPM FBK, Italy [4]
: G Nl ™ ™ W A—w.-.—m—.—m—.-'m-.m-o “ ﬂj, ‘L’J]f —
¢ G = ql o] [ ] [l
: . Tl -
: | ik
) e it e iR BB |
[ T * R . E! CHETRE R : oz |3 o) ol R f:_:I%J_ “ulted .-:‘::ED

NDL EQR-SiPM - CRL-SiPM [5] References

Cathode 2 [1] Omidvari, N. and V. Schulz, IEEE Transactions on
| Nuclear Science, 2015. 62(3): p. 679-687.
[2]1.,S., et al. IEEE SENSORS. 2013.

(Cathode 1) Anti-reflection  High Field Depletion (Cathode 2)
Cathode 3 Coating Region Region Cathoded

P+

=Tk

(x0, Yo)

:" l': p § [3] J., PS., et al., IEEE Transactions on Nuclear Science,
:. | Bulk !Gap, Bulk !N-Epitaxial! Bulk i ,: "‘:Z ---------- % 2014, 61(3) P. 1074-1083.
\\_.’l Resistor ‘\_/‘ Resistor 1\-laver J: Resistor |\-',I et A [4] Berneklng’ A,’ et al.’ NIM:A’ 2018, 888: p' 44_52'

[5] Zhao, T., et al., IEEE Electron Device Letters, 2017.
38(2): p. 228-231. _
Source:

Y. Peng @ICASIPM 2018, Schwetzingen

Cathodel
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=3¢ FBK LG-SiPM

Schematicof the 2D position encoding method:
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30x30 crystals

identified with 4
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o< NDL bulk-resistor Position-Sensitive SIPM

Cathode 2
[}

)
L= 300mm

High Field Anti-reflection Depletion

Anod /
e Region Coating Region Anode

. ) o
; ! P-Epitaxial | © Q
-': Bl \ / ; Layer I - =
Resistor ./ Resistor “- : _g ————————— g.
= o
S IS
P+ Substrate
Cathode
Series Description Cell number per pixel | Pixel active area(mm?)
11-1010C Regular 10000 1.0 % 1.0
11-3030C Regular 90000 3.0%3.0 Cathode 1
11-2727PS | Position Sensitive 76730 297 x2.77
335‘ &
20| | | FWHM=78m |
e 7o M= 78 pum
1A 2018
|

0T EWHM(X)=26 um * data
Gauss Fit

-500 1200 |

FWHM=88um -400 é’
o
5 o woF FWHM(X)=26 um
E -300 :
: 400 \
S 200
5 g
“F 2 -100 b ——— p SN
- o -~ 1 L 1 L 1
Tounts 100 50 0 50 00

X Position (um)

Source: ICASIPM 2018 slides

1500 -1000 500 0 500 1000 1500
HAprm)

-100 0 100 200

X position (um)

300 400 500

Source: NDIP 2014 slides

Reconstruction of 13 X 13 incident light spot positions
with MPEN ~15 and the diameter of the light spot is ~ 80
8 Fabio ACERBI - SiPM % PRg,cremx=34.9110.3 pm, PR ...,yv=40.11+12.7 pm

B s



New topic: setups and methods
standardization
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o< New topic: setups and methods
standardization

 DCR and correlated noise characterization
« not only common methods typically based on inter-time measurement,
but others ......
« CT estimation based on optical emission!

 Identification of reference setups and centers for testing
» for better reproducibility of results

 |CASIPM conference
* SENSE proj.
e Others... efforts to standardize and create references.
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Example: primary DCR population with EMMI '

. . ) KETEK
Map of the white pixels can be measured experimentally.

10000

Measurement Setup:

« Andor cooled CCD
camera

« Operating
temperature: -55 °C

 Cost: ~ 20 k€

1000

100

10

CCD pixel amplitude [counts/h]

200 400 600 800 1000 1200

Source: A. Gola. ICASIPM 2018 CCD pixel number in X-direction
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< Conclusions

+ SiPM performance have been improved significantly over last 6 years

— PDE >60% @ ~400nm, DCR<50 kcps/mm?, optical CT of few percent, external optical
CT reduction, lowering of Vbd, etc.

« Digital SiPMs improving with the CMOS technology
— New interesting developments merging the dSiPM and SPAD imagers
— 3D integration very important in the future
» Efforts to create SiPMs with small cell pitch:
— ~10um, 15um from different manufacturer
— Useful for highr dynamic range and higher radiation hardness
* Now what are the main trends?
— Product differentiation: applications enlarged and request are different.
— Efforts to simplify the device fabrication and packaging costs/complexity
— Efforts to extend the sensitivity in the VUV
— NEW important applications in the NIR !
* LIDAR (automotive and industrial) - big efforts and new product developed
« Other emerging applications, based on:
— Very small SiPMs
— Position sensitive SIPMs
* Important SiPM development in big scientific experiments, with liquid Noble-gases
— VUV technology improved
— NUV-Cryo-SiPM technology
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NUV-HD: technology

SPAD (cell of SIPM) N
| Trench

&
-

Metal i

Poly
resistor

High-field region

—3
<2 um

« “NUV”: p-on-n junction - higher Pt for NUV light |
« Narrow dead border region — Higher Fill Factor SiPM with 15um cell
« Deep trenches between cells — Lower Cross-Talk

« Medium/Small cells with high FF

« “Simple” fabrication process: 9 lithographic steps

(C. Piemonte et. al., (2016) IEEE T. Electr. Dev., 10.1109/TED.2016.2516641)
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PDE [%)]
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Photon detection efficiency
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Fabio ACERBI -

s ~65% !

480 530

SiPM overview @ PhotoDet2018 (Tokyo)
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Linearity test (photocurréh?)

110%
100% | ey — _w \_’_.\“.
- \
80%
a
& 70% 12pm
:E =f=15um
Y 60% g
E == 20um
% 50% ——25um
E 0% —a—30pm
Q
rd
30%
20%
10%
0%
1.0E+07 1,0E+08 1.0E+09 1.0E+10 1.0E+11
Incident photon rate [1/sec]
Smaller cells - higher linearity: ** Measured on RGB-HD technology

higher number of cell per area (from I-V curve, vs extracted photon rate from calibrated photodiode)

& faster recharge of each cell
& lower correlated noise.
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:< HD ana UHD tecHno‘ogles

‘IIIIIIIIIIIIIIII..

RGB-UHD
&PNB

0

RGB-HD
SIPMS SiPMs
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=
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C
o
o

D
:
D

-

2
2

Example with
7.5 um cell

®e. _o*

UHD SiPMs -> Aggressive layout
Reduced all the feature size of the process!
Very small cells = 5 um + 15 um pitch !

Example with 40 Example with 25
um cell um cell

‘IIIIIIIII-IIII-II.Iilll.llll.lll.llllll.
D
D
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Fill factor (FF)

100%
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e TTEEEEE—————————
=3 Latest UHD SiPMs: “low-field” and “NGR2"

45% 1 N PDE of 10um LF FF#1 1.4E+06 1 Simelo-coll GAIN
A ke _ Single-cell GAIN
a0% | A (LE new vs. “std” type)
1.2E406 - _ .
k- Comparison:
i’ 10um FF#1:68% L 25um
35% A E R L S FF#2=60% — FFI3=54% RGB.HD S\PM
R | 1.0E+06
T )
g 30% - Anh
G
% 25% | z 8.0E+05
§ S
g 20% A 6.0E+05 -
@
2 15%
2 4.0E+05 +
o
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0% . : T : T : T T T 0.0E+00 -ttt
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Wavelength [nm] Excess bias [V]

« DCR ~300+600 kcps/mm? at 20°C

18% 1 Direct optical cross-talk Probabilitv

16% A

Fast single-cell signal (few nanoseconds

FWHM) and reduced correlated noise 14%

12% -

10mV/div
20ns/div

10% A

8% o

Direct CT probability

4% -

2% A

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Excess bias [V]
400 ns 600ns 800ns
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1.E+06

9.E+05

8.E+05

7.E+05

R (Ohm)

6.E+05

5.E+05

4.E+05

R EES——mmEm————h————.
SIR - SIPM

Characterization — Quenching Resistor

Quenching Resistance vs Temperature

In the operating range the Rq is almost
independent of the temperature in the
range -80C : +80C

-80 -60 -40 -20 0 20 40 60 80

Temperature (C)
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o< Noise in SIPMs

SiPM noise - different components, related to different physical phenomena.

quenching

top metal resistor

Primary
DCR

Aft

- - e I

n -epi-layer

,é
) ]

o 8
(182
‘...l'

L

Optically—induced n*-substrate |
Afterpulsing ]

)
T
¢

Cross-section of the SiPM microcells. SiPM waveforms acquired

Primary i h
dark counts with the oscilloscope

DICT + DeCT + Afterpulsing =>» correlated noise
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K Measurement Technique

« Very low rate of primary events - 1 per second !
« BUT, at the same time = correlated events times: few microseconds

« SOLUTION =» oscilloscope acquisition with memory segmentation... to avoid
storing unnecessary large amount of “empty” data, when measuring very low DCR.

At = TS5 + Aty

At =TS, + At At =TS, + At
1 1 2 2 AtEt = Aty

100 [ 100 100

go [ +(}) 8o [ 80 |

E 60 | E 60 | E 60 [
B a0 [ - B a0 | S a0 |
g7 lAmplitude | 27 ¢ £t
E * _ \NW g N g N
0 0 j[)w o
p—» At, . — At, :
_20 T TR NN N T 20 L—— o+ 1 1 20
0.25 0.5 0.75 0 0.25 0.5 0.75 3 .24 0.5 0.75
Time (us) Time (us) Time (us)
Time- Time- Time-
stamp Data stamp Data stamp Data
TS, TS, TS;
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Scatter plot
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Primary DCR
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€= Sensitivity = 12 orders of magnitude! ==

Fabio ACERBI - SiPM overview @ PhotoDet2018 (Tokyo)

Measurement Technique

Amplitude histogram
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Amplitude (p.e)
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2 3
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DS - 2k Photo-electronics (PE)
~ 14 m?sensitive area

(the final tile will have 24
rectangular SiPMs )

mounted on 220 Motherboards
(triangular+ squared ( 25 PDMs/MB)).
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