HAMAMATSU

PHOTON IS OUR BUSINESS

MPPC & SPAD
Future of Photon Counting Detectors

Slawomir Piatek

New Jersey Institute of Technology &
Hamamatsu Photonics, Bridgewater, NJ, USA

10.1. 2019




HAMAMATSU

SSSSSSSSSSSSSSSSSSS

Index

m Introduction
m Single-Photon Avalanche Photodiode (SPAD)
m Silicon Photomultiplier (SIPM)

m Concluding remarks



HAMAMATSU

SSSSSSSSSSSSSSSSSSS

Introduction




Terminology phvvstevireirberies

PD — Photodiode

APD - Avalanche photodiode

SPAD - Single-photon avalanche photodiode
The same

SPPC - Single-pixel photon counter; another name for SPAD

SiPM — Silicon photomultiplier

. : The same
MPPC — Multi-pixel photon counter; another name for SiPM

PMT — Photomultiplier tube
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PN junction devices phvvstevireirberies
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Attributes of a photodiode v b
1. Detector of choice for sufficiently high input light level

2. Wide spectral coverage (from UV to IR) for a family of photodiodes

3. Inexpensive and easy to use

4. Low intrinsic noise

5. Can be used in arrays and available in modules
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Si PDs InGaAS PDs PD arrays with PD module
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Attributes of an avalanche photodiode (linear mode) v s

Detector of choice for light levels too high for a PMT/SIPM but too low for a photodiode
Intrinsic gain up to ~100
Wide spectral coverage (200 nm — 1700 nm) for a family of avalanche photodiodes

Can be used in arrays
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Available as part of a module
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Single-Photon Avalanche Photodiode (SPAD)




Operation of a SPAD

HAMAMATSU
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photon —

SPAD

Once triggered, the avalanche
is perpetual; however, the SPAD
IS no longer sensitive to light.

current

T time
avalanche starts here

Without quenching, SPAD operates as a light switch.
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Operation of a SPAD (passive gquenching) Fuoron 15 DU susinsss
Vbias \
Ispap <« steady state
R
<« transient
photon —f%—
— SPAD Vaias quench
Ry | quasi-stable “ready”
state
R, T / ,
Vep VBias Vspap
= recharge
Ro > Ry R, must be large enough to ensure quenching.

AV = Vgias — Vgp (Overvoltage)
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Operation of a SPAD (passive gquenching) uoron 15 e susinsss
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Observed output current pulse

. (VBIAS - VBD)
I quenching occurs

around here <_/ (Rg +Rq)

~e_t/RQC]

lmax

~ —t/RdC])

i Cmax time

[ Vpias > Vap

Rise time ~R,C;, few ns

Fall time ~R,C; tens of ns

e

~ (gain)
e(Ro + Ry) e e
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Operation of a SPAD (passive quenching) v s

Voltage pulse on Rs due to avalanche

Vaias
Rq v, 4 /quench
pﬂ‘ A <PAD /recovery
7~R(; (recovery characteristic time)
R,
= time=

RQ > Rl 10s — 100s of ns



Photon counting with SPAD phvvstevireirberies
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Photon counting with SPAD phvvstevireirberies
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Pulses with a duration L, time
much shorter than the Ry

recovery time.
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Photon counting with SPAD v rrirs basvirbie

PHOTON IS OUR BUSINESS
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Photon counting with SPAD phvvstevireirberies

DC
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Active quenching
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Rs — current sensing resistor (small) g
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h comparator 3 ‘

Y .
v _ time
th |, A hold-off time

c
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Pulse 3
generator <
Q
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VA < 0 >

time

Basic concept of active
uenching. avalanche :
. g guenching

starts here

occurs here

Reference: “Progress in Quenching Circuits for Single Photon Avalanche Diodes,” Gallivanoni, A., Rech, ., & Ghioni, M., IEEE Transactions

on Nuclear Science, Vol. 57, No. 6, December 2010
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Photon Detection Efficiency v b

[

' fixed AV

§=¢8(1,4V)

Photon detection efficiency, ¢

[
»

Wavelength, 1

Photon detection efficiency is a probability that the incident photon is detected. It is a
function of wavelength and overvoltage.
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Photon Detection Efficiency
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fixed 1

Photon detection efficiency, ¢

v

Overvoltage, AV [V]

For a given wavelength, photon detection efficiency increases with overvoltage.
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Dark count rates
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fixed T

Dark count rate [c/s]

Overvoltage, AV [V]

v

Dark count rate [c/s]

fixed AV

v

Temperature [°C]

Dark count rate depends on temperature and overvoltage. Typical values at room temperature and
recommended overvoltage are 10s — 100s c/s, depending on the device design.
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After-pulsing
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normal

light-sensitive
photon

SPAD EE—

with after-pulsing

light-sensitive

photon

SPAD -

light-sensitive

y

Y
full recovery

time

light-sensitive

Y
full recovery

time

v
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Product example by Hamamatsu (C14463-050GD)
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High-voltage power
supply dircuit 5V

Microcontroller

L
control circuit ‘ ‘

Amplifier Comparator Digital output

Photon counting module with SPAD
(SPPC)

50

30

20

10

0

Photon detection efficiency [%]

300 400 500

(Ta=25 °C)

wavelength [nm]

600 700 800 900 1000

== Electrical and optical characteristics (Ta=25 °C, A=600 nm, Vs=15 V, unless otherwise noted)

Parameter Symbol Condition Mn. |  Typ. | Max. Unit
Spectral response range A 370 to 1000 nm
Peak sensitivity wavelength Ap . | 600 | - nm
Fiber connector*? - FC type -
Chip temperature (setting temperature) | Tchip = -20 - °C
Photon detection efficiency PDE 25 35 - %
Dark count cD - 20 60 cps
Afterpulse probability - 100 ns to 500 ns - 0.1 - %
Comparator output o TTL compatible =

. +5V - +200 +1000
Current consumption SV Ic N 20 20 mA
*3: Recommended fiber: GI 50/125 multimode fiber
10° il Sk & &
PDE [Pt linearity

No. of detected photons [c/s]

107
106 |=
10°
104 |
10° :

102 |-

% it

10° [-| — C14463-050GD |

10!

100 :?

No. of incident photons [c¢/s]

10° 10* 102 10° 10* 10° 10° 107 10%® 10°
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SPAD Array
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| Outputs
(1 (2) (3)

|
(4) (5) (6) ‘
(7) (8) (9) ‘

Each element of the array (pixel) has its own gquenching circuitry (passive or active).

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
9)
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SPAD Array; Crosstalk phvvstevireirberies
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Each element of the array (pixel) has its own gquenching circuitry (passive or active).
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Product example by Hamamatsu (S15008-100NT-01) W ToN 13 o Eus s

Temp. +—(— Temp. Column Decoder for masking
Sensor
SCLK 2
€5 i
o
MOSI ‘—_i-: spr b» E 5
MISO 5|8 32x32 SPPC Array
' 5|8 and
= T Pixel circuits
Registers é £ (AQC and Counter)
o =
Control ( 5
Signals > g
Row/Column O
Selection Column end circuits -
¥ Horizontal Decoder
Master CLK —Or 251 > 32¢h Column level TDC

T Y ¥ v

PLL Control TDC Control TDC data Pixel data
Signals Signals output output
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Product example by Hamamatsu (S15008-100NT-01)

*SPPC Array Specification

Parameter Symbol Condition Min. Typ. Max. Unit
Pixel pitch - 100 - pm
Number of pixels - 32 %32 - Ch
Diameter and shapes Octagonal - 75%75 - pum
Geometrical fill-factor FF - 61 - %
Peak sensitive wavelength Ap 450 500 550 nm
Spectral response region A 25°C 380 900 nm
Breakdown voltage Ver 25°C 50 52 54 Vv
Temperature coefficient of Vgg ATyer | -20~+30°C 56 mV/C
Gain M 1x10° -
A =470 nm 30 %
Photon detection efficiency PDE A =525 nm 30 %
A =630 nm 20 %
Dark count rate DCR |35°C, V. =2.0V 20k Hz
Cross talk probability CT  |35%C, V,=2.0V 75 %
Afterpulse probability AP 50 ns hold-off 3 %
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Comments on SPAD arrays

HAMAMATSU

R o

The array can be customized to specific user’s needs.
Hamamatsu is working on improving crosstalk.

Hamamatsu is working on higher resolution array (smaller pixels).
Hamamatsu is working on IR version of the array.

Hamamatsu will work with users on developing customized ASICs

Demos are available for evaluation.
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Importance of ASIC (example)
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~t+
1

Pulse emission

Measuring distance with a SPAD

N

laser

target

time
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Importance of ASIC (example) v s

Histogram of trigger times

»
»

M%[ﬁ

| time
t=0 At = 22 t=T
(o

1. Multiple pulse illumination provides distance information to the target. The information comes
from a histogram of trigger times.

2. An ASIC producing such histogram (per pixel) is part of the sensor.

30
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Silicon Photomultiplier (SIPM)




Naming conventions
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SiPM - Silicon Photomultiplier
Most-commonly-used names

MPPC — Multi-Pixel Photon Counter

SSPM - Solid-State Photomultiplier

PMAD — Multi-Pixel Avalanche Photodiode
G-APD - Geiger Mode Avalanche Photodiode

MPGM APDs — Multi-Pixel Geiger-Mode Avalanche Photodiodes
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Structure

HAMAMATSU

PHOTON IS OUR BUSINESS

Top view
=)
QS

SiPM is an array of microcells

electrical equivalent circuit
of a single microcell

Side view

-

L

L §
“ Single microcell

Also known as multi-pixel photon counter (MPPC)
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Structure
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O Cathode

o Anode

single microcell

All of the microcells are connected in parallel.
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Example of models

S13360-3050DG S13360-1325CS S13360-1375PE S13360-6050VE

metal can, TE ceramic, 1.3x 1.3 mm?, surface mount, 1.3 x 1.3 )
2 5 2 5 5 surface mount, 6 X 6 mm?2,
cooled, 3 X3 mm?, 2,668, 25 %25 ym mm?2, 285, 75X 75 um 14.555, 50 X 50 pm?

3,600, 50 X 50 pm?

DG — metal can

CS — ceramic

PE — surface mount

VE — 4-side buttable (best for arrays)

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved.
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Operation
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Veias > Vgp

v

time
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Anatomy of a pulse
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Amplitude [mV]

220
200
180
160
140
120
100

Fast component

~ Slow component

W

20

40 60

time [ns]

80

100

The RC time constant of the slow component depends on microcell
size (all else being equal)

The recovery time t,. = 5 X the RC time constant

t,- 1Is on the order of 10s to 100s of ns but in practical situations it is
also a function of the detection bandwidth
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Crosstalk HAMAMATSU

2 p.e. crosstalk event

N :

time

Arb

Primary discharge can trigger a secondary Crosstalk probability depends on overvoltage.
discharge in neighboring microcells. This is
crosstalk.



Temperature compensation phvvstevireirberies

(breakdown voltage depends

— Temperature sensor Vop(T) = Vep(Ty) + B(T — T
P 5o (T) 50 (To) + L( 0) on temperature)

Variable power supply

1

K i '

Sensor sockets €12332-01

C11204-01

Analog output
(SMA)

USB I/F only for
parameter setting

A Power supply board

Control unit

M Example of SiPM (MPPC) module
with temperature compensation

The role of the control unit is to adjust Vz;45 SO that the overvoltage AV remains
constant (and thus gain) as temperature changes.
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Product example by Hamamatsu (S13360, 50 um pitch)
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Photon detection efficiency [%]

50

40

30

20

10

0

200 300 400 500 600 700 8OO 900 1000

(Typ. Ta=25 °C)

—-=— 513360-**50PE
—— 513360-**50CS

/
A

I
.l
|
|

Wavelength [nm]

6 x 10°
— Gain ¢ ______
=== Crosstalk probability =
sxi106 =" Photon detection 50
effidiency (A=450 nm)
4 x 10° 40
£
8 2z 30
2 x 108 20
1 x 10¢° 10
0 0
10

Overvoltage [V]

[9%] Aoualoiye uonaalap uojoyd

‘Aigeqold yeissolD
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Linearity and dynamic range (§ illumination)
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11000

10000 b=
000

BOOO

TOOO

4000 -

3000 -

2000
1000

o

P & 510985-025C

/ From Grodzicka et al. 2015

w2 * Hamamatsu $10362-33-25C -

Number of potentially detectable photons

1000 2000 23000 4000 S000 S000 TOOO 2000 9000 10000 11000

Ideally linear
o
I I T I — L T T T T T T
ideal casa NIW=MI_N
®  dch of SiPM array s

N_, =56 700 pixels gl
- = ch of SiPM array f,#“’ L. .
i N__ =14 400 pixels o solid lines fits to

- .
= the equation
,a'ﬂ "
-". '

Nf — Nt(l _ e—Ny-PDE/Nt)
N; — Number of microcells
Ny — Average number of fired p-cells

N,, — Number of photons in a pulse

In the limit of § —illumination, dynamic range and linearity depend on the nhumber of microcells.




Linearity and dynamic range (finite-pulse illumination)
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From Grodzicka et al. 2015

6000 T
ssop - S10362-33-050C Hamamatsu (68.25V) i
pulsa width equal to: .
o ideal case N_=N__ & ff:
4500 - g ns ..—4___.-' -
qo0 ® 15ns .
wop [ ® 40ns e ]
— 60 ns d $ i
= W0 & Thns | 2l "
asng - * 120ns = =i
* 270ns g At
20 v B8S0ns X; _ ]
1500 |- 5 3,600 microcells -
0o 3 x 3 mm?
s00 -
n 1 ] i | ¥ I |
] 1000 2000 3000 4000 5000

6000

Number of potentially detectable photons

r

Tp
Nf = N; . 1—-exp

Tp — Pulse duration

t, — Recovery time

—N,, - PDE

(

Ip
tT

I

For a given number of photons in a pulse, the number of effective fired microcells increases
with the pulse duration.
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Linearity and dynamic range (DC) v s

Output current [A]

10° -

10 F

107

107 [

104

105 |
10% |

107 |t

108 L
10-12

(Ta=25 °C, A=850 nm)
= T

fhoSssnssnn =sa Ss Sl Saa
i . e : i
|| {11 {11} | ||inl

S issaoessooo—orate oo

| 1 L1}
(0T 1T 1] 11
it 11 3 it
e : e ! —
e . ' PRR! -
l" - ?1 *rey
" "l

i e oA F i :::’
T TTT0 Il \ | 1T
i a BRIl SR SRk SR
Hih . 513720-1325CS/PS |
| 1 \ | | |
S i
AT : =
! | | |
T (S HE] it
I !g~~—s::§ == Z*-%m*-'iii
i tn et " * * L B bt
"‘ 4 'Q‘ * - *pen
i i
1 1 1111 { :
# |
=== ss = —==: :;,g:% it
- R e . — “" ——4-0-$ 0409 — — oy >: — ERETYE
B R Rt " R | 4 atesid
HH— T | Hif t— 1 e

10t 10 10° 10%® 107 10°% 10°

Incident light level [W]

For some SiPMs Hamamatsu provides a linearity plot for DC
illumination. This plot can be transcribed from A = 850 nm to
any other wavelength.

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved 43



Modes of operation
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incident light level

(photon counting)

44



Analog v b
, PDE-P -2
lyh = eu(l + Pgt) he
Cr
i ||
5 S_____
! N
L j i2R? + (3GR? + 4";} & gz
.. y
- 0
t iss = 2ei,puFAf (signal photon shot noise)
- i3¢ = 2eipuFAf (dark current shot noise)
i]2 = 4k;Af (Johnson noise of the feedback resistor)
f
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Photon counting
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preamplifier

amplifier

discriminator

pulse shaper

1,2, ..

counter

ULD

LLD

v

Time

]

Time
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Photon counting e s

. ng Texp
Jns + 2(ng + np)

=z«

Texp — Measurement time

Ng = Ngor — (Mg +1p)

Nt — Number of counts per unit time due to “science” light, background light, and dark counts
ng — humber of counts per unit time due to background light

np — number of counts per unit time due to dark current

All rates are measured with the same exposure time T,,,,
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Modes of operation W ToN 13 o Eus s
3x3 mm2,50 um Input light power [W]
4.E-18 4.E-16 4.E-14 4.E-12 4.E-10 4.E-08 4.E-06
1.E+13 :  2.E+00
. MDL is improved by cooling and Absolute maximum
limit the bandwidth. for DC light

1.E+11 Vf_ 2.E-02
MDL: 25°C, fc=7MHz/ Derating the light
1.E+09 | | | | - 2.E-04

MDL:-200°C, fc=7MHz l ﬁialog 'L-l.': AE i
1.E+07 ——— I — .|T..ﬂ!I.',-..Iz;-::L‘..:::. - 2.E-06

[v] wuanno Indino

Number of detected photons [c/s]

MDL:-200°C, fc=1kHz v
1.E+05 l - - 2.E-08
Digital il
---------.‘--'n‘i g nil i-"lr‘l". ‘." ! i I'.Igt.'.-lf'lil' I"I'llm------—
1.E+03 2.E-10
ZMDL:—ZOOC
1.E+01 -: - | | L 2.E-12
1.E+01 1.E+03 1.E+05 1.E+07 1.E+09 1.E+11 1.E+13

Number of incident photons [c/s]

Minimum detection limit (MDL) can be lowered by cooling and limiting the detection bandwidth.
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SIPM imaging array, product example by Hamamatsu
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S15013-0125NP-01

2D MPPC photon counting image sensor

Temp. =—{

SCLK

cs
MOSI —(

MISO

Control
Signals

Row/Column
Selection

Master CLK

Temp.
Sensor

o

Registers

Row signal buffer

Vertical decoder

32 = 32 MPPC array
and
Pixel circuits

[ .

200 MHz
PLL

Pixel circuit

Input

i stage
: Threshold ‘%

Horizontal decoder ' ———
Column end circuits : StartHSCtEE _ 1
|

Latch ——=
Memory

T : Select ——
TOC date |
output : TDC data output

This array can be used for imaging and for ToF distance measurement (e.g., in flash LIiDAR).
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SiPM imaging array, product example by Hamamatsu phvvstevireirberies

== Structure

Parameter Symbol Value Unit
MPPC type ) Equivalent to 514420 series )
Number of channels - 32 % 32 ch
Effective photosensitive area / channel - 100 = 100 pum
Pixel pitch - 25 pm
Number of pixels [ channel - 12 .
Fill factor - 36.4 Y%
Package type - Connector -
Window > Borosilicate glass >
Reflective index of window materials - 1.51 -

== Electrical and optical characteristics (Ta=25 °C)

Parameter Symbol Condition Min. | Typ. | Max. Unit
Spectral response range A 550 to 1050 nm
Peak sensitivity wavelength Ap - 840 - nm
Photon detection efficiency*2 PDE |A=910 nm - 6 - %
Dark count*? Viop - 2 - keps
Breakdown voltage VieR -47.5 -42.5 -37.5 v
Recommended operating voltage| Vop = VBR-5 = v
Gain M \op - 1.0 x 106 - -
Temperature coefficient of Vor ATVor - 47 - mV/°C
Frame rate - 10 - kfps
PLL frequency FPLL 180 200 220 MHz
TDC full-scale range FpLL=200 MHz - - 10.24 Hs
TDC resolution FpLL=200 MHz - 312.5 - ps
TDC jitter FWHM, FpLL=200 MHz - 135 - ps

*2: Photon detection efficiency does not include crosstalk or afterpulses.

*3: Threshold=0.5 p.e.

Note: The above characterictics were measured the operating voltage that yields the listed gain in this catalog. (See the data attached
to each product.)



SiPM imaging array, product example by Hamamatsu phvvstevireirberies

Demo units, together with evaluation and interface boards, are available to potential users.
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Future Applications for SPAD Arrays
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SENDERS

Building a QKD system

While in principle all QKD protocols operate the same way and rest on the same core principles, in practice the
complexity of implementation can dramatically vary with the specifically selected protocol and its associated

components, the choice of which involve numerous trade-offs. (As with any cryptologic technology, real-world
implementation needs to be carefully engineered to match the assumptions in the theoretical security proofs.)

TRUST
LIGHT SOURCE MODULATION REQUIRED  TRL

Laser phase, ampl., pol.
Single photons polarization

Entangled photons  intrinsic

IMPLEMENTATION COMMERCIAL

Key management system en-/decryptor I L lWERSTEIRG EUN R 2l en-/decryptor Key management system

OPTIMUM DARK  NIR L0sS SPACE
TEMP.  COUNTS EFFICIENCY TYPE TOLERANCE SUITABLE  TRL
~ 7~
PIN )
—

Quantum AN}

channel
SNSPD

IMPLEMENTATION  TECHNICAL PARAMETERS QKD PROTOCOL COMMERCIAL

TRL= Technology Readiness Level. NIR= near infrared. A larger number of symbols indicates a higher value for the discussed parameter.

Diffusion light

VCSEL ‘

;/ /
Detector

Short range measurement
Small mechanics

2 D high sensitive

Solid State Flash LIiDAR

RECEIVERS

Brain Activity Monitoring
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Closing remarks v b
1. Photon counting can be a preferred detection technique when the incident light level is low.

2. SPAD and SiPM are well-suited for photon counting.

3. SPAD and SiPM image sensors are being developed.

4. Research and development continues to extend the detection into the IR regime.

5. Integration of ASICs with the SPAD or SiPM imagers is the most cost-effective approach.

Hamamatsu provides support and will work with individual customers to provide solutions.
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Join Us for 10 Weeks of FREE Photonics Webinars (17 Topics) HAMAMATSU
Week # Weekly Topics # of Talks |Talk #1 Date | Talk #2 Date

1 Introduction to Photodetectors 2 26-May-20 | 28-May-20

2 Emerging Applications - LIDAR & Flow Cytometry 2 2-Jun-20 4-Jun-20

3 Understanding Spectrometer 2 9-Jun-20 11-Jun-20
1 Week Break

4 | Specialty Products — Introduction to Light Sources & X-Ray 2 23-Jun-20 25-Jun-20

5 Introduction to Image Sensors 2 30-Jun-20 02-Jul-20
1 Week Break

6 Specialty Products — Laser Driven Light Sources 2 14-Jul-20 16-Jul-20

7 Image Sensor Circuits and Scientific Camera 2 21-Jul-20 23-Jul-20

8 Mid-Infrared (MIR) Technologies & Applications 2 28-Jul-20 30-Jul-20

10

1 Week Break

Using SNR Simulation to Select a Photodetector

1

18-Aug-20

To register for other webinars or hear previous webinar recordings, please visit link below:
https:.//www.hamamatsu.com/us/en/news/event/2020/20200526220000.html
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Thank you

HAMAMATSU
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Contact information:

piatek@nijit.edu

Thank you for listening.
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