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AR BEESE (SiPM)

- EEYEERFIEAR (SiPM--silicon photomultiplier);2—#h e TE
FTEREFREZ EMAFEHBERINGNS LB _RE
F 51 5+ BR A B HY, 751‘&1{@]%?5( AR SCFERON R B
R FORE R 55 L RN 28

SIPM =~ G-APD Array

- K1 EXCERN=r. SACE _KE (APD) B35, SEREKX.
“EE N (Geiger mode) |, KTFEHSHE. BATEN

#ieR, PESEYIEIFNEFKETNS, 2021-5-16, JER 3
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TRACKER

ht : 12500 T
Overall diameter : 150 m
Overall length 215 m
Magnetic field : 4 Tesla

PRESHOWER

RETURN YOKE

Electronics
SUPERCONDUCTING
MAGNET

FORWARD
CALORIMETER

MUON CHAMBERS

Gamma | | | | Computer
Ray /

| Coincidence Processing B UART
Particle

Shower ~ I |

Pinhole
Sinogram Binner

h 4

TCPC

Collimating lens

¥

Emission filters
Image Reconstruction

L = Objective

— | O " A

Pulse light Excitation Convergent
source filter lens

Courtesy by S.Dolinsky, GE

® FH AACHEN UNIVERSITY OF APPLIED SCIENCES
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Avalanche Photodiode and Operating Modes

Photodiode
'Vbias

« Incident Light

1E-06

1E-07
+— 1E-08
= 1E-09 |-

Different working regimes
for reverse biased diode

— IMPACT IONIZATION ON
— IMPACT IONIZATION OFF

GM-APD
S 1E-10 ¥
% e |, M §< photodiode _
1 Current -§Ej ; | - .
e L Vo, '
Photodiode APD G-APD

0 <V <Vppp Varp <V < Vpp * V> Vg
G=1 G =M (10 - 100) « G =10°-107
Operate at high light level Linear mode « (Geiger mode
(hundreds of photons) >20 photons detection  Single photon detection
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OFF branch

flickering ON branch

|-V characteristic for a reverse biased SPAD with 10m diameter and ~25V
brea kdown VOltag61 |n dark (F. Zappa et al. / Sensors and Artiiatore A 140) (20007) 103-112)

Monostable

Latch

1
1
E Coaxial cable
]
: RD CD CP _€§ }—
|
! —
b Ve SPAD
L. Comparator
- Output
Va Stage
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Passive Quenching Active Quenching
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G.Collazuol - RICH 2013

VS T

quench recovery

fast quenching
- =

4

If R, is high enough the internal current is so low that
statistical fluctuations may quench the avalanche

proper quenching
F{q ~ hundreds kO
t —

guenching time t
(and fluctuating)

14 -

e

o0 long

bad quenching

Rq too small

no quenching

______.__-.—-—

Rq by far too small

t
3. 2,

Haitz JAP 35 (1964)

€60

[
#A]

I-——-

Turnoff probabilily per second as function of pulse cu,

P |
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Passive Quenching G-APD

o
(—
| APD ., NAAS A
+ E A Rq t=RCp Inax~(Veias-Vep)/Ra <20pA=I .
; N
5 e Voo e B ©=RqCp
: |
| D
o Y
>
Vap Va LEC S S==s= | t

* ON condition: avalanche triggered, switch closed, Cy discharges to Vg with a time constant R.C,
(discharge time), at the same time the external current asymptotic grows to (Vbias-Vbd)/(Rg+Rd
* OFF condition: avalanche quenched, switch open, capacitance charged until no current flowing.

From Vgp to Vgi,s With time constant RyCp (recovery time) _
Standard output signal

v, 3] a-10%10%
A vl vliavlavid =
GAPD Array - SiPM ¥ : N
Sum Individual Pixels  [[4 [} [[§ (3 ¥ Lm = ;‘Q f* Q ]|Q
I — | | |

HER, YESEYIEEMRFIHETITS, 2021-5-16, dEH [l]'- Time {a.u.) 8



HRRMENSIPME (1)

Russian CPTA, V. Golovin, Patent
No. RU 2142175, 1998. ;, Z

Sadygov, Patent No. RU 2102820,
1998,

V. Saveliev, V. Golovin,

1989-1990 MRS%:5#3, X H
SICE & SIXOYHUE KB FH,
1% R BT B K

Z. Sadygov — JINR/Micron

(Dubna)-NIMA 567 (2006)70

a

%\ photons p* contact layer

. p epitaxial layer
o GG
’ +
'l o

b

) 7
j®® l{\%/\@ i

E
E.

2002 Avalanche Micro-

channel/pixel
Photo Diodes (AMPD),

BEg TESEYIBIENER&ETITS, 2021-5-16, Jb=

Si” Resistor

Al - conductor

Russian MePhi/Pulsar,
Dolgoshein, NIMA 563 (2006)

(b)

n.

\'vbms
Al - conductor
1

Si’ Resistor

Guard
5 ring n° P

2 Substrate p+ 48

2002 FRHE L BAEE KB AL EN



B RFRMERSIPME

Russian MePhi/Pulsar ,P.Buzhan,
B.Dolgoshein, NIM-A610
(2009)131-134

e phe Single Double
p-n junction p-n junction

7'y : P n
g £ r‘;‘ 2
o| S ﬁ,/ p P
X n' n'
: 100 um
light;
pixel 1 pixel 2

Optical crosstalk between two separate pixels

2009 ¥R JT[8) K A /AR 5 2544,

#HiER, PESSEYEEMERSRERMYS, 2021-5-16, JER

Germany MPI, Ninkovic et al
NIM A610 (2009) 142

p+! e —F

n S
-
depleted gap
region
n- n-
non-depleted non-depleted
region region

2009 {AFEE PR Z K SiPM

1 (2)

i E NDL, NIM A621 (2010)
116-120

Edge electrical ) ] _
field region High field region 5102 Electrode

o mles

{ Sbuk depletion, ‘ bl | |
\ ) resistor :‘ region ,:' ¢ P- Epi layer
ped e . (23-28 olmeem) -

\
\

! resistor| [
/ \

Back electrode

2010 SMZEEEPHIEK (EQR)
SiPM, F& i S 3 30K 0 K
H7SSeHE
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HFRFTHHSIPMER (3)

HZAEM, T.Nagano, etal., 2011 Gola A, et al., 2013 IEEE thE NDL. IEEE TRANS.

IEEE Nuclear Science Symposium, Nuclear Science Symposium ON ELECTRON DEVICES,

NP5.5-130 Conference Record 61(2014)3229-3232
éjl g|1 51 gLL Anode A

23,58 [ T ’7.{ Row 2
fe 3 & 3 A ,;’ & R R
LEI 10KV X2.0 WD Zimm  104m ; pt 3 o - Anode D Anode B
Thin Metal Film ‘ | Active area
M— ; T
= - % | i 1
e I | I

é@mké

2011 A& E&MUR KB, 2013 I B R 8 SiPM 2014 & RBISIPM, 45
(LG-SiPM) M ﬁ%iﬁu A (8] 9
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IR,

FE

Hamamatsu

—

NanoFab

~ 3

i & SIPMBY 3 ZE 4144 [Fabio Acerbi, “SiPM overview: status and trends”, 2018

International Workshop on New Photon-Detectors PD18]
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Hamamatsu VS NDL

Hamamatsu MPPC

NDL SiPM

. S$14160-3010 | S14160-3015 | S14160-3050 | EQRO6 3030D | EQR10 3030D EQR15 3030D
Active Area 3.0X3.0mm?[3.0X3.0mm?|3.0X3.0mm? | 3.0X3.0mm? | 3.0X3.0mm? | 3.0X3.0 mm?
Effective Pitch 10 15 50 6 um 10 um 15 um
Microcell NO. 89984 39984 3531 244720 90000 40000
Breakdown Voltage 383V 383V 383V 24.5+0.5V 28.5+0.5V 28+0.2V
Peak PDE 18%@460nm | 32%@460nm | 50%@450nm | 30%@420nm | 36%@420nm | 45%@420nm
DCR (kHz) 700-2100 700-2100 0.6-1.8 pA 2500 3600 2400
Gain 1.8x10° 3.6x10° 2.5x106 8 X104 1.7 X10° 4X10°
Terminal C(pF) 530 530 500 45.8 31 48
Temp. Coef. For V, 34mv/°C 34mv/°C 34mv/°C 20mv/°C 19mv/°C 28 mV/°C




SensL VS NDL

SensL SiPM NDL SiPM
C10010 130020 J30035 EQRO6 3030D | EQR10 3030D EQR15 3030D
Active Area
1.0X1.0mm?%{3.0X3.0mm?%| 3.0X3.0mm?2 | 3.0X3.0mm2 | 3.0X3.0mm? | 3.0X3.0 mm?
Effective Pitch 10 um 20 um 35 um 6 um 10 um 15 um
Microcell NO. 2880 14410 5676 244720 90000 40000
Breakdown Voltage | 24.2-24.7 \/ 24.2-24.7 24.2-24.7 24.5+0.5V 28.51+0.5V 28+0.2V
30%@+2.5V 38% @+2.5V
(0) (0] (0) (0]
Peak PDE 14%@420nm 38%@+5.0 V 50%@+6.0V 30%@420nm 36%@420nm A5%@420nm
50@+2.5V 50@+2.5V
2 3
DCR (kHz/mm?) 30-96 125@+5.0V 150@+6.0V 278@+8V 400@+12V 267 @+8V
) 1.0x10°@+2.5Vv| 2.9%x10%@+2.5 V
> X 104 7 X10° X 10°
Gain 2x10 1.9x105@+5.0 V| 6.3x105@+6.0 V 8 X10%*@+8v | 1.7 X10°@+12v | 4 X10°@+8V
Terminal C(pF) 50 1040 1070 45.8 31 48
Temp. Coef. ForV, | 21.5 mv/°C 21.5 mv/°C 21.5 mv/°C 20mv/°C 19mv/°C 28 mV/°C
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Philips, dSIPM, |EEE Nuclear Science Symposium/Medical Imaging

Conference, Orlando, FL, Oct.28, 2009

Analog SiPM

4 N (

Digital SiPM

. J \L
( Analog Silicon Photomultiplier Detector
e Readout ASIC
% % % Discriminator HTDC{-# Time
{>—|::Shaper|—| | HADCI-# Energy

K SiPM j
4 « discrete, limited integration )

« analog signals to be digitized

* dedicated ASIC needed
_ * not scalable )

Recharge 'J_

= Time

oln L Energy

\_

4 « fully integrated
« fully digital signals
* no ASIC needed
« fully scalable

\_
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The dSIPM
Takes
Advantage
of the
Binary
Nature

Analog SiPM Digital SiPM

g;lkl ——o —
& NMeo__[____ V__
Vi Individual 5
ph-epulses 0§ Breakdown é
5 I
>
.—
SiPMpulses & Meta-stabl Quen-
= < Il ching
3 \an
o | »—»o—TRG
t 0 6
+ Signal: analog sum of individual Time
pulse amplitudes « Signal: digital sum of trigger bins & digital time
- amplitudes depend on gain stamp from TDC
« gains depend on temperature » amplitudes are not relevant
« temperature drifts: 2-8%/K * no gain dependency, reduced temp. drift: 0.33%/K

“Therefore, while the APD is a linear amplifier for the input optical signal with limited
gain, the SPAD is a trigger device so the gain concept is meaningless.” source: Wikipedia)
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B.L. Berube, et al., , I[EEE Transactions on
Nuclear Science, 62 (2015)710.

1 Tier - Single Photon

IFEAGI3DZ R EFSIPMAYZE

#iER, TESEYEFNER&BRIYS, 2021-5-16, jtR

Avalanche Diode Array
ksid
2nd Tier — Front-End e
Electronics
— LI - = == _= 7-7— = |
L L P B o
Bl g ey A

=t =la= e T LeiEels =
I I 3" Tier - Digital Signal I
Processing ——

[ dSiIPMABE 2

M

M.-]. Lee, et al., IEDM Tech. Dig., 2017, 16.6.1.

(a) P-sub
b P-sub 4%
~4-5 () Deep & wide junction = A
P < I ~34um i (c) Wider junction P-epi
. . . using PW/DNW H
Shallow & narrow junction using s H

D777
VO AL AL LA A

o zz&zzz@i

P-sub P-sub
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17



Avalanc

6.9mm

SPAD pixels

Readout
189(H) x 600(V)

circuit

7.8mm

Pixel chip (Top) Logic chip (Bottom)

Total number of SPAD
pixels

Image size

Recommended light source

189 x 600 pixels (H x V),
approx. 110,000 pixels

Diagonal 6.25 mm (1/2.9-
type)

. . 905 nm
Pixel chip — wavelength
(Top) . .
/pm - - SPAD unit cell size 10 pm x 10 pm

Element size (ToF pixel unit)

3 x 3 pixels (H x V)

4

SEth

L B Xy 8 S JE BT 438

Z
~

i : Tl v | Power consumption 1,192 mW
— Readout circuit =S m .p .
gl Cu—Cu Photon detection efficiency 22%
Logic chip connection Response speed 6 ns
(Bottom) S . .
aturation signal amount
. 60,000,000 cps
> 40% (max. count rate)
c % . .
S Max. detection distance 300 m
G 25% \\\ 3 x 3 pixels (H x V) additive
S 20% 7 . . mode: 30 cm
9 15% 22% (at 905nm) > Distance precision at 300 m . "
8 o e 6 x 6 pixels (H x V) additive
S s% mode: 15 cm
é% 0%

850 860 870 880 890 900 910 920 930 940

Wavelength [nm] 18
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