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Overview

- Physical principles, characteristics and developments of
— vacuum based photo-detectors (focusing on PM Tubes)
— solid state photo-detectors (focusing on Silicon PM)

- Associated electronics



= Photo-detection steps
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' Detector window

1. Photo-electric conversion with  “external”

' 1SS ' " P Photo-Cathod
or without emission in vacuum photo-emission &,

Vacuum

Emission in vacuum implies e-
@ - low detection efficiency ‘internal” photo-emission ¢
- - k

‘» low dark count rate

...source of differences between T o
vacuum and solid state devices e
including multiplication mechanisms...
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2. Internal charge multiplication

Charge multiplication within the device implies
‘ — better Signal/Noise ratio (wrt external amplification)

‘ - intrinsic fluctuations in amplitude and timing
(depending on the multiplication mechanism)



_' Photo-detector family tree

Gas
External photoemission

Solid state
Internal photoemission

- PIN-Photo-diode
- APD, GM-APD (SiPM)
- Imaging CMOS, CCD

- Quantum well detectors
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" Single photon sensitive detectors
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Nr. of events
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_r Vacuum based Photo-Detectors
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Based on two phenomena:

1) photo-emission 2) secondary emission
Connection to
Focusing Anode electrodes via
Window electrodes mesh f&':;:gf;":wom
l <IN |
| @ . ) / =
L . |
“;D{T —G?‘__: 357 9111
I €25 o LR i
Light —’ 2 4 \\- \_. 14 Vacuum
source A 8 10 1 -
Semitransparent Electron multiplier Glass envelope
photocathode dynodes 1 to 14
layer

Solid state physics implied



_r Vacuum PD fundamental parameters
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Photo-Detection Efficiency

QE
CE

- PDE = QE » CE

Gain and
Signal formation

= quantum efficiency Noise sources
= collection efficiency

-G =g9g,9,..90,

- Dark count

g, = single stage gain - After-Pulsing

Amplitude (number of photons)

fluctuations in o _ -
measurement of - Position (photon impact position)

Timing (photon arrival time)

Photo Cathode Second Last

First Dynode Dynode

G=9,9,9;..°9,
E=N:_,-QE-CE-G
Glass Window Mesh Anode

Last Dynode
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Photo Detection Efficiency (PDE)

#emitted photo-electrons

#incident photons \

PDE —QE

#ph.e captured by 1% dynode

xCE/

#emitted ph.e

Quantum Efficiency with 6 types of Photocathodes
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h to cathode determmes
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e quantum efficiency QE(XL)

e angular and energy
distribution of 1%
photo-electron

e Noise behavior

e timing fluctuations (contrib.)

Photo-cathode: most crucial element in any PMT type
- relatively complex working principles
- complex construction - still room for improvement !

— since last 10 years revived interest in R&D for new photo-cathodes
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Photo-emission: a bulk process in 3 steps

width
0(100nm)

W.E.Spicer, Phys. Rev.112 (1958) 114

Input window photon v Absorption and Excitation

O

Photo cathode

(3)

Vacuum / free electron \

Escape to vacuum Transport
VL
EA
¢
1y
A
VB




» Photo-emission: a bulk process in 3 steps
| (2)

(1) — (3)
Input window photon o ik
r CB
Photo cathode D } (2) E
F—_—————-
o vB
Vacuum free electron

Transport
from conversion location to
vacuum interface by

Escape to vacuum

E;+hv - diffusion. In presence of P, = fraction of electrons that
é band bending (BB) near reac_h_ the surface keeping
interface then also drift sufficient energy E to escape

. (outward BB help escape) EEUSU3|I|Y P, <0-5f)f )
- . > electron affinity (E,

¢ Absorption and During transport : EA = E vacuum - E CB bulk
Eg Excitation 1) E loss (thermalization) (work function for metals)

- down towards bottom CB by

I

9

E _7’/&/5&/{/5%{’7 / R = reflection coeff. is  gcattering (hundreds of Longest wavelength cutoff in
//////////// // a function of angle of collisions) QE due to Ebandgap + EA
w (6

o™

P incidence and

o Z———(2) TRANSPORT W polarization 2) Electron losses due to:  Special semiconductor

0 5 S _ e trapping due to inward BB threatment - negative EA

= E @ ape/ a = fraction of at vacuum interface or

Q 8 the electrons that are  outward BB at window itface

: excited above the e recombination due to VL from bulk

g vacuum level (VL) impurities (cristallinity is a e

0 W.E.Spicer, Phys. Rev.112 (1958) 114 crucial factor)

S o.. P 1 l,/L = photon absorption surface
© QE = (1 — R) PE_E length over electron Estates
© o la scattering length (wide

8 1+ L range 1-10%) The lower [ /L

the less recombination e -



» Photo-cathodes

Most efficient bulk material for photo-cathode are semiconductors

Metal photo-cathodes show much lower QE than Semiconductor due to:
e energy-momentum conservation forbid absorption on free e- in CB
- high reflectivity

e electrons suffer e-e scattering - escape depth L very short (large 1/L)

NOTE: in semiconductors e-e is not allowed for optical excitations due
to band-gap — only energy loss via electron-phonon - small 7 /L

e work function ¢ > 2eV (metals) compares with smaller affinity
E, (few 0.1eV) or (even better) negative in semiconductors (NEA)
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r Photo-cathodes — Negative Electron Affinity

Cesium (Cs) plays a large role for NEA:
1) band bending (BB) through donor surface states - vacuum level shifted down
- Cs-induced donor-like surface states contribute their electrons to the bulk
- Hole depleted region (negatively charged acceptors) lead to BB region
— internal built-in electric field (acceletation in BB region)
2) dipole surface layer from polarized Cs atoms
- Majority of Cs atoms become only polarized forming a dipole layer (e- Cs+)
— external electric field (cusp barrier - tunneling)

THERMALIZED

DISTRIBUTION OIS XIBUTION
_} vacuum AT x4 - electron escape *
]_ En LEVEL prob. enhanced OVER BARRIER
E ! £
6 1 -5 NEL
POSITIVELY Beld) 2o E¢ y \T .
CHARGED T fE\ J
SURFACE I | EJO) ] OT EMITTED
E
LEVELS  FILLED & P n{E)™
ACCEPTOR |
LEVELS 92C5-32294 Y B 1Ey

+ 1onized Cs
+
+ d (0}

-+ =X
: -‘ R.Martinelli, D.G.Fisher IEEE Procs 62 (1974)

: ?
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[ Most common photo-cathodes
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1) Bi/Multi-alkali-antimonides 2) III-V semiconductors

- K/Na + Sb in bulk + Cs/Rb at surface — GaAs, GaAsP bulk + Cs for NEA
— poly-crystalline layers w/ high carrier lifetime — very pure mono-crystalline layers
— very good absorbers for photons 200-850nm — easy doping and hetero-junctions

ed. Na,Sb, K,Sb (Bialkali), Na,KSb (S20, S25)

Weak points: S
e recombination centers in poly-crystalline struct. Alcaascs, o
e active layer directly deposited on window ’ﬁgl GaAs Conductanceband |
— electron sink due to outward band bending mirror o N
— m/ GaAs Valence h-nN
photo

Window | AlGaAs GaAs active layer Vacuum
‘7‘ 1 Emitted photo electron mirror layer

-
C ctance band \ Vacuum level

Vaienceband | Weak points:

Window Photo cathode Vacuum e extreme sensitivity to over-exposure
and ion feed-back

e high dark rate (10KHz/cm?)

Examples:
- 520 has PEA (cutoff at 820nm)
® only hot e- escape - thin layer (60nm)

@ low dark rate (<Khz/cm?) Note: alkali metals are very strong oxidizers
- S25 has NEA (cutoff at bandgap, 890nm) - the smallest amount of O,or H,O totally

© - thick layer (170nm) burn any cathode

@® higher dark rate (10KHz/cm?) - ultra high vacuum (10° mbar) needed

12



r Future photo-cathodes i
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Photocathode

1) Search for new photo-cathode (PC) materials
- bi- and multi-alkali revisited (eg. Li,CsSb)

- ITII-Nitrides (eg. GaN, Al Ga, N)
- II-VI (eg. Zn0O, Zn, Mg O)

2) Electron emission enhancement

- Piezo-electrically enhanced
photo-cathodes (no Cs;in air)

- Electric field assisted emission

- anti-reflecting structures (nano-wires)

photon Cross-section of pilla

Fl' r.
Al absorber

©

CsO photocathode

Ty T ’ifr f
1!"’}' ?
et q}‘ ;

Photocathode Workshop
University of Chicago July 2009
http://psec.uchicago.edu/photocathodeConference/
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_’ Spectral Sensitivity - Quantum Efficiency

long wavelength limit caused by
the photoemission threshold of the material
(shape fits the Spicer model, see spares)
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r Transmission of optical windows

2 types of losses:

¢ Fresnel reflection at interface air/window and window/photocathode
RFresnel = (N-1)?/ (n+1)?2 n = refractive index (wavelength dependent!)
Nglass ~ 1.5 RFresnel = 0.04 (per interface)

e Bulk absorption due to impurities or intrinsic cut-off limit. Absorption is
proportional to proportional to window thickness

100 ‘o b AT=8%=24%
e P b
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GLASS OPTIC g | i

e MgFz r =HIATE= k. ] | |

F3 o | | | | l

; e g |

} do - — g L o . _ .:!5

A S laabs . 4 { Optical transmission of various glass typeg |
N T —

20— i | =
(Hamgmatsu) 1a f-
1 e
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WAVELENGTH (nm) Veavelangth [ im) h

8 transparency below 100nm...
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indows / Substrates

I | Transmittance UV Grade Fused Silica
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mm_Most recent high QE photo-cathodes

100 Semiconductor crystal photocathode

— UBA —— GaAsP

TN i
< A T/ N_ | GaAs
E /?J- i .r"-..‘ fo \\

i

YA Va\N I R
o ' '
E ‘]D '.f‘ ff.f t-‘ \\ 1
E / ~l‘\\
= L\
=
-

\ |

\
| :\ k_

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Hamamatsu just says:
“recent improvements in QE due to better crystallinity” ...

G.Collazuol - Siena - IDPASC 2013



G.Collazuol - Siena - IDPASC 2013

Question: how to measure PDE ?
Answer: PDE = QE x CE - measure QE,CE

1) measure QE from the ratio of cathode currents I. for PMT and calibrated
detector (known QE)

- QE = QE_, I./I._, (All dynodes connected to anode at +100V wrt cathode)

2) measure CE from the ratio between single ph.e counting rate R , . and
cathode current I

-~ CE =q,R, ./ T/I. (using a calibrated neutral filter when counting single
ph.e with known transmission coefficient T)

18



_r Example of setup for measuring PDE
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PMT under test
495

T aiipig

105 | |

170

70

70

70

(i R

h—

mirror
=

Calib.PD | ’
or E \

calib.PMT |© B
monochromator

400

Xe lamp

i e s Pl s

19



_r Vacuum PD fundamental parameters
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4

Gain and
Signal formation

-G =9g,9,..9,
g, = single stage gain

Photo Cathode Second Last

Dynode

First Dynode

Photons
G = 9,9,9;5 -9,
E=N:_,-QE-CE-G
Glass Window Mesh Anode

Last Dynode

20



_r Gain mechanisms: electron multiplication
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Incoming
Ehokon \  Window

Pm- ;/— ....... g :.rnn-d_p.-s H ﬂ ﬂl"lc-rde 11.

Potential difference
between
adjacent dynodes

typically
-»AV ~ 100V

Focusing
Electrode

‘:F-n-ltage Dropping

R —

Secondary emission from n dynodes —» photo-electron multiplication

Power Supply

#electrons delivered to the anode

Galn = #ph.e captured by 1 dynode

dynode gain g~3-50 (function of incoming electron energy)
- total gain G = g,9, ... g_~ g"

Example: 10 dynodes with g=4 - g = 41° ~106°

21



multiplication

| Secondary electron
|

0.5 [s}
Ma0 20 b
]
L e E
'-'|:' 0.4 L) I
i i
E' 0 400 1200 2200
o Eao — 6
m 03 ESCAPE FUNCTION
& No.OF EXCITED
@ Eg=400V ELECTRONS
E 0.2 —14
0 Eg=1200V.
X E o= 600V
% — Ep )
L \“{_——A_ | o
surface o 20 40 60 80 00 120
pheno- DEPTH-NANOMETERS
m on g2C5-— 32303
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a8
o i
™M s
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§ o Nn-K-Bn_-Sb//
v & K-Cs —sb
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7] Cs1Sh
@) P o
'_I' o L7 T T
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= o,
S | Va’
. 10 100 1000
8 ACCELERATING VOLTAGE OF PRIMARY
O ELECTRONS — VOLTS

Mo.OF EXCITED ELECTRONS —nm~-|

Electron Gain (secondaries/primary)

Process in 3 steps (again):

1) absorbed primary electrons impart energy to
electrons in the material (depending on their
energy, primary electrons may back-scatter)

2) energized electrons diffuse through the material
3) electrons reaching the surface with sufficient
excess energy escape into the vacuum

Steps 2 and 3 are similar to photoemission:
- best materials are semiconductors
(activated by Cs)

-~ NEA improves secondary production

g~ HV* > (3 ~ H\/¢" g = dynode gain

a = 0.65-0.75

: ,4‘*1'"'*"""'&-‘&

Al O
20

20A
30A

Slade Jokela (ANL)

0 . I . .
o 200 400

600 800

Primary Electron Energy (eV)
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_r Electron multiplier types

discrete multiplication continuous multiplication

S S S S

micro-channel plate (MCP)
PDE Gain Timing B field

S S / (CE) stability immun. ‘L‘
Y
g__ =l -
\\}\\\ w / v ' ‘ ‘ ‘ window with photocathode |
Tilin = a —
venetian blind box & grid e dual MCP -

Chevron config.

ATV ANANRAN
(g

. 000e-

linear focus

CHANNEL WALL
OUTPUT
ELECTRODE

INPUT

ELECTRON
o=

OUTPUT

Z~ 2 ELECTRONS
INPUT ELECTRODE #

7} R
STRIP CURRENT
“Continuous”
(Hamamatsu) .

dynode chain

A A o .Y
+alkali metals Pore @: 2 um ‘,\ "" ( YA L
Pitch: 3 um [ A L)
/ y, <

Pore length: 400pum

cl
|
o
|
ol
|
d
=]

"\\
7

PHOTONIS

: “.

metal channel
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...plus @ number of variants...
23
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Electron multiplier: discrete type

Cathode Grid C}{hode ‘;nd Anode

Slats

fF |

(a) (b)

Anode

1 '\\'\ Y|
“‘TW/’I/’;}’["_
I

g
— &

“
\\\. Cathode

Cathode
Anode e
(c)

Fig. 7.12 Dynode structures of four common types of photomultiplier: (a) venetian blind, (b) box and grid, (c) linear focused and (d)
circular cage focused. Typical trajectories of an electron through the systems are also shown.

24



pm_Electron multiplier: continuous type

Detailed view
of typical electror.
trajectories

Figure 9-8 Continuous channel electron multiplier.

e Potential difference along length of tube
eOften curved to prevent positive feedback

G.Collazuol - Siena - IDPASC 2013
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B Pulse formation

PRIMARY Pulse due to current induced by
ELECTRON .
TRAJECTORY the electron cloud approaching

anode

GRID-LIKE R
ANCDE 0 0000

— use Shockley-Ramo theorem
SECONDARY
ELECTRONS to calculate the pulse shape
for each electron: ;| = gvFE

LAST DYNODE 'j

Fig. 21 — The simplest anode structure,
a grid-like collector.

2) d b) Note: timing fluctuations
Y
iy L W W; 1) of first photo-electron
T/ L e - most relevant
N7 S i
~ ﬂ———————;\u( .
N\ . 2) of electrons in the cloud
Vot K s cranode;ulsearrival times - |eSS releva nt
mé.antransittime (See Iater)

Fig. 4. Photoelectron trajectories and equipotential lines of the electric field in a fast photomultiplier (a).
Diagram of an anode pulse transit time spread (b).

O
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ge Pulse shape - Basic electrical model
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PMT is basically a current source
+ arrangement of inductors, capacitors and transmission lines.

—
N G =105 —107
Iin [ ::'j: __Cd RS::T.O QO Cd - 1ﬂ pF
L it L ~10 nH

~

-25

C=100 pF
L=10nH
s Isq Q/Cd ™% 2o R=50 Q

C. De la Taille *Short course on preamplifiers” Porquerolles 2013 .



ge Pulse shape - Basic electrical model
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PMT is basically a current source

+ arrangement of inductors, capacitors and transmission lines.

-25

Often desire voltage output for use in signal processing circuit
— can use load resistor or op-amps to convert current to voltage

Load resistance limited by:
- desired frequency response v_ = 1/(2n C_R))
- output linearity

- RL choice - stability
- heating - gain stability

C=100 pF
L=10nH
Q/Cd ™ = R=50Q

28



r Response linearity - pulse mode

Deviation from linear response due to

1) space charge between last and 2" to last dynode < anode current saturation
2) multiplication current ~ divider current —» gain unstable

3) slow photo-cathode recharge (eg at low T) <« cathode current saturation

- b
o

FIME MESH TWPE

=3

TN “\\

INEA-EORCUSED TYPE 7 \

Deviation (%)

Tapered
voltage divider

| 10 |1I02 T ”H1Io3
PMT output / peak current (mA) Anode Current (mA)

109 100 102 109 -30

Deviation from ideal line

(%)

-

~ K.Arisaka — PMT lecture at IEEE NSS 2012 (Anaheim)
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Question: how to measure
pulse linearity ?

30



_r Double Pulse linearity measurement

- Siena - IDPASC 2013
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K.Arisaka — PMT lecture at IEEE NSS 2012 (Anaheim)

INFUT ANODE OUTPUT
. Ims o LIGHT AMPL ITUDE
0.5 Lo Al Ip1
- — 5 N AZ | p2
Al ,
fANR. /\ e Il 55, /\ .
INPUT LIGHT ANODE OUTPUT
WAVEF ORM
CONTROL
PREAMP CIRCU I T/ AMP
PULSE - -
GENERA
TOR
DIFFUSEE _I
. GAIN
SELECT I ON
L1 L2 L3
. PHA
.r; LED POSITION N ANODE OUTPUT

Dim: 1Br|ght 4
G /t 4 , {H ﬂ “‘ PUTER

Block Diagram for Double-Pulsed Mode
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g Response linearity - current mode
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10

1.0

1

IDEAL CHARACTERISTIC

—aAC——>
/;\F’ i
= -

4
-

7/

s

7

0.1

)
v

4 ACTUAL

(o]
=
.

CHARACTERISTIC [

RATIO OF OUTPUT CURRENT TO
VOLTAGE-DIVIDER CURRENT

0.001

0.001

0.01 0.1

1.0

INCIDENT LIGHT LEVEL (ARB. UNIT)

10

TPMOBODOZEA

Figure 7-4: Output linearity of a photomultiplier

tube

Region A: linear region for low
output current (low incident light)

As light intensity increases,
dynode voltages begin to vary
from ideal (shift to earlier stages)

Region B: shift results in
increased current amplification

Region C: saturation occurs as
voltage between last dynode and
anode goes to zero

If large linear region is desired -
could use individual power
supplies for each dynode
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r Improving response linearity

O
u .:o‘: 1 0 f_ i ; +..-+-. __1:- -3
FINE NESH T o ¥ X
é : INE NESH TYPE { .5 sE L . +
E: N T B 0 =———t=x
o 7 K > oF 5
-— LINEA-FORCUSED TYRE \ @ -5
=} : Q-1 of Resistor Ratios
E E . 1:2:1 i
-E -15F 1:1.5:1.5 Tapered
- = 1:1:1 P
:g -20- a0 voltage divider
3] = «  1:2:3
-E — |, _ . -255 (The ie:stSstages) |
o= o 10 I o -30- S Lt st L
== 1 10 102 10°
PMT output / peak current (mA) Anode Current (mA)
K.Arisaka — PMT lecture at IEEE NSS 2012 (Anaheim)
dn—2 ,
________ |
= S s
T T Anode shape: grid positioned close to the last

d
\\’\\:\\\\\ N dynode - allow high electric field between
p the last dynode and anode - reduce the
space charge effect in the last stage

— anode —

UE'UUUUUd_?UQUUUUI’JU

dpy

G.Collazuol - Siena - IDPASC 2013

(=) (b)

Flyckt and Marmorier — "PMT principles and applications” 33



B Response linearity — improved bleeder
|

Passive Voltage Divider

S

— ‘\\ 1 g1 1 2’1, g1,
N\/*\\x’_‘\f“\f“\ﬁ/_\ 1) Tapered
5 l ~ = g voltage divider
l . l . ®a  reduces effects
. 2 o y o o = . = L due to spz_ﬂce—charge
a1 (progressive voltage
Iﬂl Io- 1, Ip-gl, Ip-g’1, In-g°L,  In-g*l, Ip-g°L, I,-2°1, I)-g'L, IE:_I;. : distribution)
Ig
THY 2) Charge storage
] o capacitors give
Active Voltage Divider prompt charge
o I,
~ R ’/—\
& VN N Y S Y Ra
g 1 l |1 || |1 |1 3) T . t
o k > o5y . a o ransistors
. Ir0.51 “i[}?,{:— [l 5-05T | keep constant
© VY L 4 L 4 - -
S 2R R R R R R ¥ S# irl collector-emitter
UI) A \fi-"'_ﬁ"-.r A i\_i‘-.r A\ -,-"'-_'ll.._"'-“‘r s'~._‘::l,..l.f\,‘_l,.-_'-.w % Yy AN, AN AN | \dloltage (Iet fi Xt. l)
5 e e 2R 2R 2R R ynode potentia
N 0"k o B ToBlk ToBlk TorElk 05 1 _ independent of the
S| Ig l ° fo T _divider current
U +HT\'-
U Camin et al - GAP note 63 (1998) °
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Response linearity — stray oscillations

- Damping resistors might reduce ringing in output signal

J.P.Boutot, J.Nussli, D.Vallat "Recent trends in PMTs for Nuclear Physics”
Advances in Electronics and Electron Physics Vol.60

? T 500 500
——
R1824 R1824
S it e 3¢ s fedh [
: !
il ool R e s 2 e
¥
= v iadies (ol el ] 3 AN //L’fl e
3 = \baet s NSy 2o v TR
N R 0 B e | z LA/ B
= l I \ T * RISE TIME S f / * RISE TIME
| " «FAL (‘Pl?jE SEA e
R 1 Vet 287 (ns) | L/ 2.86 (ns)
| I T | *SUPPLY VOLTAGE =S * SUPPLY VOLTAGE
| | | | ] 1000V | | 1000V
2 [ns / div] 2 [ns / div]

TACCBOOO2EA
Figure 7-12: Effect of damping resistors on ringing

— but... oscillations of the electron cloud back and fourth through the
relatively transparent anode in the space between the last and second
to last dynode also results in anode pulse ringing

B.H.Candy “"Photomultiplier characteristics and practice relevant to photon counting”

Rev. Sci. Instrum. 56, 183 (1985)
35



r Effects of magnetic fields on response

G.Collazuol - Siena - IDPASC 2013

RELATIVE GAIM

| I |
SUPFLY WOLTAGE - 2000V
1|:||:| -—--rE:-‘__
‘h'_':‘-h.__
~ [ ag®
Y
Y
\\
10-1 SN
| Y
- ¢ \s \\..
L~ NN
LY
102 | 7 =
— T~ _
[ MAGNETIC o .
S FLUX N
— t  DENSITY Y
109 | | \
0 025 0&0 075 10 285 15
MAGNETIC FLUX DENSITY (Tesa)
J’J" “"l
BT ot sl - —-——%;———_—_ ————— HPD
o : \  Solid | APD
< i St
’.J Il il
z !
= MCP!
o i » PMT &
Metal I'-.r'llgseh ,
% 1 i
. Channel | ".
II
\ I‘.
1 I\
5_. 1l I:‘
000 T T T T
1 100 1000 10000

Magnefic Field (Gauss)

RELATIVE QUTPUT (%)

120 T
110 - 28 mm dia. —
'y SIDE - ON TYPE
1.0
Bﬂ ’i . - h‘
CEENRIR
r 1 L
80 o 1 P —
. £arth B-Field,
70 ’ ! | 1
! 1
" 1 I “
I [} ' L)
Eﬂ I 4 LY
' ! b
50 ' V| 13mmda. Y
' +| HEAD-ONTYPE
b v (LIHEAH-FDGUSED N
40 " -\ TYPE DYNODE
: ¥
30 M 1
fl 38 mm dia. *
20 HEAD-ON TYPE %
/ (SROULARCAGE ) AL
. TYPE DYNODE .
EEERERERES
0
05 -04 -03-02 -01 0 01 02 03 04 05

MAGNETIC FLUX DENSITY (mT)

PMT is very sensitive to B fields - need shield (p metal)
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Vacuum PD fundamental parameters

4

Gain and
Signal formation

-G=9,09,..9,
g, = single stage gain

Amplitude (number of photons)

fluctuations in
measurement of

Photo C
oto Cathode Second Last

First Dynode Dynode

G=9,9,9;..°9,
E=N:_,-QE-CE-G
Glass Window Mesh Anode

Last Dynode
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m Gain fluctuations: single electron spectrum
|

G.Collazuol - Siena - IDPASC 2013

Secondary emission process —» large amplitude fluctuations
-~ measure single electron response (SER) in amplitude

2
SER relative 9¢

1

variance G* 2.2,

A

Main contribution is from 15 dynode

+...

1

+
g1g2...gn

relative

~ improvement when higher V, frequency

Excess Noise Factor (ENF)

for a multiplication process

2

2 2
ENF = Ooutpm=<G >=1+0_(2;4/

O'?nput < G >2 G

ENF in the case of PMT:
1 1

1

ENF=1+—+ +...+

g £18; 81828,

Multiplication
noise

Note: dynode multiplication is assumed
Poisson process (only a first approximation;
consider for instance dynodes non-uniformity

Note: small amplitudes due to

photoelectrons back-scattered
from 1°* dynode (g =1)

. o
."l-l‘%!';“-'—l-".‘._.l" ) { * .

TS

+ resolution -
‘<P

rl

_%. w3

Jd peak to valley L Lr"'v.i.._

‘ ‘ i Ll
|

1 relative pulse height

(photoelectrons)

Fig.2. 4 Typical single-electron spectrum. Resolution 67% FWHM.

SER variance is multiplication variance !

Typical ENF~1.2

Peak-to-valley ratio 2.8:1

Flyckt and Marmorier -
“PMT principles and applications”
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r Gain fluctuations: single photon resolution

Single photon resolution either 1) higher V. . (modify divider ratio)
only when g.= 12 or 2) use PMT with NEA for 1%t dynode
1 .. anyway the price is higher dark noise
PMT (Hamamatsu R5600) NIM 112 (1974) 121
‘g -l NIM A 461 (2001) 587 ; 1pe
s | W o : PMT (RCA 8850)
o ;2;73335 T Olass . ' 2pe  1stdynode made of GaP(Cs)
" P S oabe e NEA
= f 0204 %0007 i R
3“\_'\"% X - 662.473/ 659 3 L, . . 3pe
s Y 4 T '°-
4pe
e

)
=
©
)
J)
.
o
c
>
O

G.Collazuol - Siena - IDPASC 2013

e energy
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[ Amplitude fluctuations

G.Collazuol - Siena - IDPASC 2013

- Amplitude resolution - Energy resolution

Due to gain + photo-conversion fluctuations

Combining Photo-conversion fluctuations (binomial statistics)
and Gain fluctuations (Poisson, in good approximation)
- get PMT contribution to amplitude resolution (E = Ny PDE G)

Oy _ Oy \/ENF—PDE ~ \/ENF—(QE CE)
N, PDE N, QOE CE

40



mm_( Multiplicative processes )

Combined fluctuations from a multiplicative process:
N - p N (Binomial) - M p N (Poisson cascade) [here M = G gain]

2 2 e A
ﬁ _ OpN N 1 Oy, | Cascade Variance theorem
Nz - 2 Nz » N Ve (n)=(a){m)
P | var (n)={a)* var (m)+(m)var (o)
) PR P,
Binomial Opn — l—p = = = = = =
p2 N2 pN
o] 11 1
Poisson cascade @ —X%£ = + +...+ = ENF—1
M’ m, nmym, mip...m,

G.Collazuol - Siena - IDPASC 2013
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Question: how to measure Ny ?
Answer: must measure PDE, G and ENF

1) measure PDE as discussed previously

2) measure G from SER - G = <A>

Alternative: measure G x CE from ratio
between anode and cathode currents - G x CE =1, /I_

o
3) measure ENF from SER relative variance 7A = VvENF—1

42



_r Vacuum PD fundamental parameters

- Siena - IDPASC 2013

G.Collazuol

Noise sources

—~ Dark count
-~ After-Pulsing

Photo Cathode Second Last

First Dynode Dynode

Photons

G=9,9,9;..°9,
E=N:_,-QE-CE-G
Glass Window Mesh Anode

Last Dynode
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» Dark Noise sources in PMT

G.Collazuol - Siena - IDPASC 2013

Pulse height < 0.2 ph.e

— thermal emission from dynodes

— internal ohmic leakage current between dynodes-anode
— ion bombardment on dynodes (electron emission)

- back-scattering 1° ph.e

o

Small pulses

Pulse height ~ 1 ph.e

1o - single thermal electrons (shot noise) from photocathode

E — field emission (1/f noise) from photocathode
ix
=
= Single
S 102 | electron
pulses
Pulse height > 2 ph.e
— ion bombardment on photocathode
| (see afterpulses, correlated noise)
! Large pulses - light glow from anode
o L ] ! ! (see afterpulses, correlated noise)
0.2eG 1eG 2eG - cherenkov light from cosmic rays
PULSE HEIGHT on PMT window (ultrashort pulses)

Dark amplitude spectrum

for high gain PMT (107) - K,CsSb cathode - GaP 1* dynode »



_r Dark Noise (HV and T dependence)

G.Collazuol - Siena - IDPASC 2013

Gain

107

Photonis XP1802-558

1[’]3 .

107

108

105 H

1[’]-1 -

1|:|:'.

‘l'l OO0
= 10000
= 1000
<
= 100 i
3
~- 10
Thermal
Photoelectron
Emission |,
— =15 0.1
GO0 VoD 800 900 1000 2000

Voltage (V)

107

108

103

104

109

DARK COUNTS (s7)

104

101

109

bod

TP OBOSIEER
HEAD-ON TYPE |
EgE-ﬂéE-]ugN FFE MULTIALKALI
"l".'.
/ GaAs
/ i ~.
-HEAD-ON TYPE
LOW-NOISE BIALKALI
SIDE-ONTYPE /]
MULTIALKALI =%  SIDE-ON TYPE
o — .. LOW-NOISE BIALKALI

TEMPERATURE (*C)
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r Dark Counts - typical rates

G.Collazuol - Siena - IDPASC 2013

ate (Hz)
2 =2

Dark Pulse Rate
q’

—
=
T

: | . 23°C
. 2-10°C
T --50°C
E_ \\ 1-10090
i
AR
i AN
3 Wy y
HT
E W O I W 5 1 ||u
1 10 10°
Threshold (PE)

Typical D.C. rates
(T room, 1 ph.e. threshold)
— PEA cathodes

- S20 < KHz/cm?

- bialkali < 10Hz/cm?

- NEA cahtodes
- S25 ~ 10KHz/cm?
- ITI-V < 30KHz/cm?
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_r Afterpulses — correlated noise

Spurious signals correlated with the photon arrival may appear:

—~ 0.02 1 T=r1 T (1) Afterpulses stem from Note: afterpulses and
ﬂ e Eg = ionisation of the residual gas anode glow consist in
o I E BB = atoms or those adsorbed by additional delayed signal
= || E == = the 1% dynode surface
~0.015 4"’%% ?::bff IC(E — ion feedback delay 100ns - 10us
-1 {Q= -3 -176)
= A [ = ’ {iﬂ)ﬁfk 1] (3) “late pulses” due to
B BEEH E N 1% photo-electron
(| E 1 M= inelastic or
0.01 H {1|W| 'I:.'.'I 10°F EMIS350 _ elastic
H | ' = '-|'_-:'j || 1| back-scattering
: [t:i |l _{-]| |l_:.-_-} - llh'!,h‘u ,'. ' on 1* dynode
0.005[)+ == = %
|H BB B e, i
| EE =H = HI“ M WW[’IWH'HIH“I" bl
I B E 20 40 60 80 100 120 140 160 180 200 220 240
0 L N oo . -
005 115 2 5{.} o b > |
time (uS) (4) “pre-pulses” due to & (2) “Glow"”, ie luminescence

K.Arisaka - IEEE NSS 2012

note: different
time scales

G.Collazuol - Sien= - TNDACr 2N12

of the dynodes (last
stages/anode more probable)
- delay ~ transit time

ol i e

160 180 200 220 240

photon converting
on 1% dynode

MWJ

2&4&&35&1@12&14&

Time, ns
“Photoelectron backscattering in vacuum phototubes”

B.K.Lubsandorzhiev et al 47
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G.Collazuol

Vacuum PD fundamental parameters

fluctuations in
measurement of

tTiming (photon arrival time)

Photo Cathode Second Last

First Dynode Dynode

G=9,9,9;..°9,
E=N:_,-QE-CE-G
Glass Window Mesh Anode

Last Dynode
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r Timing resolution

G.Collazuol - Siena - IDPASC 2013

<Transit Time>
T =t + t

= sum of <time of flight> between stages K-Dy,-...Dy —A

<-Dy1 oyioyz T oo T tDyn_A (ignoring charge induction DynﬁA\I)

2
TT fluctuations - timing Jltter OTT i \

main contributions

] DELTA-
FUNCTION
EXCITATION

1] TIME—=
|
I
I

re——TRANSIT TIME

I
= Y H M —
<«—>

jitter o

/ \ ODyIDyZ / ; \\

ODyDy

o T e (g—1)

cathode - 1° dynode )\ /
st _, / o

1%t - 2" dynode

Note: time of flight of the following
stages are sampled many times
(due to multiplication)

- little contribution

Pulse width - rate limit

2 2
A tFWHMN\/n O pypytOpy 4

Note: 1) the front stages give little
contribution to pulse width

- time resolution is independent of
frequency response of the PMT

2) LC ringing and RC usually affect
signal fall front

Single electron response
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| Single photon timing resolution

1°* high gain dynode
strongly reduce time jitter

S.K.Poultney - “single photon detection and timing”

: . . Or ~|O | | o
main contribution <TT | KDyl _1) | In PMT for fast timing:

| & | -

— dedicated dynode shapes
depends on o \\—~<Z allow compensation of different
1) electrode geometry | i time of flight ™ time of flight along different paths
2) ph.e- velocity || and L equalization, residual between adjacent dynodes

3) process of photo-emission time difference across (eg linear focus multiplier)

photocathode area O(100ps)
e Small contribution from fluctuations of

=7

time lag due to photocathode response " S
(relevant only for NEA cathodes) \ D= o0 reatve aﬂ/
e Important contribution from the 2 porof T 7o
different velocities of emitted electrons 2E ! !
o+ 1 1
B < T e B _ 1
fluctuations of fluctuations of e- velocity 88 sl fZD'”d'_?EEj‘;_?},_?“":
distance K—Dyl\ normal to emission surf D U%. P AR
S8 ). ms” R
_ |m 9y (+) m Oan‘\ distance K-Dy1 S el L
OKDyI AV V 10717 4— : T bt L

9. e v = 0% 0 g2 o 10
ddp K-Dy1

Yield (electrons/phcton)

‘ single photon time resolution o,
1) depends on wavelength (improves at long wavelengths)
2) lower limit for 6. 2150ps

G.Collazuol - Siena - IDPASC 2013
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Photo-electron energy distribution

G.Collazuol - Siena - IDPASC 2013

MREBT10 MRETTZ2
T

dy (B | d, (E)
dE 4.28 eV

(8] 0.5 1 1.5 2 o 1 2 3 <

energy of photoelectrons (V) energy of photoelectrons (eV)

(a) ()

Fig.A1.8 Relative distribution of photoelectron energies, E_ ., from a layer of SbKCs at 290 K, for incident
photon energies (a) from 2.15 eV to 3.06 e\.f,::hand (k) from 4.28 eV to 5.12 eV

d, (E) d,, (E)
dE dE
D.25 —
o2 —
o155 —
o1 -

o 1 1 1 1 1 1 1 1
1.0 1.4 1.8 2.2 2.6 1.0 1.4 1.8 2.2 2.6 3.0
energy of photoelectrons (V) energy of photoelectrons (eV)
MRBT1T (a) MRAB127 (b)

Fig.A1.9 Photoelectron energy distribution (in electrons per photon per eV) from a layer of GaAs(Cs) for
incident-photon energies (a) from 1.4 eV to 2.2 eV, and (b) from 1.8 eV to 3.2 eV



r Single photon timing resolution
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Single ph.e
time spectra 10°

for incident light
at different
wavelengths

S
B
|

Dependence on A
longer A - less jitter

15

NUMBER COF COUNTS

1 channel= 1Ml ps

56 CVP
start: 1 phe
stop: ¥XP 22 LED

720215 nm

EE0XYI0 nm

570 20 nrn

2 1 L
0558 E70

56DUVP

photocathode

FWHM 1

(ns)

&wcw
n\c_*—ja
b

Anm) |
—_

300 400 500 800 ay,

Bebelaar Rev Sci Instr 57 (1986)

520
CHAMNMNEL NUMBER

M.Moszynski NIM 141 (1977) 319

TTTTEE

TIME (ns)

@ e
91
\] y
\ L accelerating
] grid
\ i
'

[ gz

i
\

— A\
T 'K
1 ﬁdy'?
st(
dy‘
dys

107

Dependence on V
7T~ 1/V
o~ 1/V

TYPE NO. : R2059

TRANSIT TIME

101

10¢
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_r Single photon timing resolution
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Contributions from pulse shape

Slower rise front
without screening 3
grid at anode E _________
E
=
- - SUFPPLY YOLTAGE =300
AISE TIME=1512 ps
dy., FALL TIME=2681 ps
WIDTH=31&3 ps
Fl=350 £
= i i ] ] L

Position o TIME (2 re/div.)

screening grid

Anode
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Single photon timing resolution

=

G.Collazuol - Siena - IDPASC 2013

Contributions from pulse shape

back-scattering also plays a role in pulse rising front
- affecting timing resolution

TIME  (ns)
¢ 2 & 6 8 0 2 L 6 8 W0

/

a. b.

F1G. 7. (a) The most common pulse shape from an EMI 9814. (b} Uncom-
mon pulse shapes possibly associated with backscattering effects. The count
rate was set ~ | kHz and the frequency of occurrence of “nonstandard™
pulses, of which (b} 15 an example, is about 1 in ten,

B.H.Candy “Photomultiplier characteristics and practice relevant to photon counting”
Rev. Sci. Instrum. 56, 183 (1985)

54



r Micro Channel Plates - MCP-PMT
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« ineaming photan
1
top window

photocathode (po)

pc gap |

meet- |1 LITLTEVEVAL WAV AY R A

- | Uiy

anade gap

Can operate under
magnetic field

Position measurement

- analog charge division

- Multi-anode readout

- Strip-lines readout

- o, ~ O(mm), not intrinsic

Noise
quite low noise ~ 0.1 Hz/cm?
(Rb,K contamination)

Tiny electron multipliers
Diameter 20pm, 10pgm, 6um, 3um
Length ~ O(500um)

High Gain
G ~10° for two-stage type

Very Fast time Response ‘

Rise time < 500ps
o < 50ps

Large Area
— recent developments
cheap production: ALD on glass

Ageing
ion feed-back on cathode
— recent improvements
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r MCP - single photon timing resolution

G.Collazuol - Siena - IDPASC 2013

Short channel (500pum) and high E field in the channel (few 10kV/cm)
— ultra fast response limited by

1) TTS in the gaps - short gaps

2) RC and parasitic LC filtering - RF impedance matching

E:maﬂwﬁe \1 [ E
Photon s 3
AVAVAN VJ et ; i
%—4— E ! Single Photon
\ l_ A £ v i 16-averaged
ﬁ 3? vt % 1 P Sampling: 18 GS/s
Z I'_ @ ". . f ' _
Q I ~ L - “ Risz Time I 1 TT5=10ps
" Tl LN 7 e 32,mpom Mo
Windav// ﬂ@ I:_ Inductance of the ground return Fs L | & um pore MCP
T op 200.0p iﬂ][;uﬂp  aarp
Ramo Theorem RC filter Time (s)

Tune response curves for two models of PMT110 wath different MCP pore diameters

” From Photek
- 11 mm diameter Micro-Channel Plate signal
_ Signal full bandwidth: 10 GHz
T Typical Timing resolution:

5ingle Photoelectron Time Transit Spread: 10ps
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MCP - single photon timing resolution

Orrg (PS)

(c)

40

35

20

25

20

(&)

107
@ 10°
i }_ =

) counter 1

[] counter 2
. . : 10°

3.2 3.4 3.6 3.8
HV (kW) (d)

(b)

1400 1800 2200

TDC (ch/0.814ps)

50
A0 [}
r sl Q/Q-—EE— O/ :
)fm/ g A Jﬂi
; 5 H]/IZI”"
=
— =
r o
| rf. _5 20
S 10
Oy counter 1__| - () counter 1
[] counter 2 1 counter 2
1 'D N
3.2 3.4 3.6 3.8 3.2 3.4 3.6 3.8
HV (kV) (e) HV (kV)

Fig. 3. Performance of the HPK 6, measured using single-photons.

Inami et al NIM A 560 (2006) 303
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_' Fast Timing & Imaging devices
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matrices of
Multi-anodes PMTs  Silicon-PMTs [10] Micro-Channel Plates [1]
Dynodes Quenched Geiger in Silicon Micro-Pores

Foch =l x
Heat]

Quantum Eff. 30% YUY 30%
Collection Eff. 0% 70% 70%
Rise-time 0.5-1ns 250ps 50-500ps
Timing resolution (1PE) 150ps 100ps 20-30ps

Pixel size 2x2mm? 50x50um? 5x1.5mm

2 2
Dark counts 1-10Hz 1-10MHz/mm 1Hz-1kHz/cm Recovery
Dead time 5ns 100-500ns 1us < Time
Magnetic field no Ves 15kG
Radiation hardness 1kRad=noisex10 good (a-51, AlLO,

J.F.Genat, LAPPD Electronics Workshop (2012)



r Large Area Pico-second Photo-detectors

pore

w
=
o
w
—
—
o]
=i
1

lass

nco

3

- Porous glass

Ll

—Resistive coating ~100nm (ALD)

—Emissive coating ~ 20nm (ALD)

onductive coating
(thermal evaporation or sputtering PN &

1 8x8" plate =
e RF strip-line anodes

» 50 Q impedance
* 1.6-0.4GHz bandwidth

~ 33mm plat

1

H TopWindow

Photocathode
I E;g l P i )
S NANAA NN AN

3
| 2 (0 [0 (0 093000 00 e 0 Microstrip
i i
...... Anode

=+ Far end anode readout

R Near end anode readout

500

LAPPD
http://psec.uchicago.edu/
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Solid state devices
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_r Solid state devices with semiconductors

G.Collazuol - Siena - IDPASC 2013

Basic working principles:

Conduction
band

e
0600 \
— The two charge sheets on the n+
and p+ sides produce an electric field Valence Band gap

— separate e-h* charges produced Photon  1ye Depleted

region n-type

by (photo-)ionization
in the depleted region
(even without an external E field)

Charges surviving recombination Hole — Electron

Electric field

are swept to terminals Picture from Krizan, Ann Rev Nucl Phys 2013
— can be detected as an induced current

Note: Shockley-Ramo theorem - e- and h+ give “"same sign”
contribution to induced current; but integral of current induced
on electrodes is Q and not 2Q
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_r Solid state devices — a selection here

- Siena - IDPASC 2013

G.Collazuol

PN or PIN L APD LGM-APD
= B =
P" - Type E hu.ghelam"‘:'ﬁdd— B TE'
= R +
P-N junction edge - > v T-epilaver * h

A

N-Type Silicon

p~-type silicon (substrate)

1 ! 1 ! 1 |

p-n junction, p-n junction, p-n junction,
reversed V. —0-3 V reversed V.. < Vgp reversed Vi > Vgp
i
* n contact 1
Aﬂctmn H"-. ""-.
a1} aQ ¥ . E '|‘ I.II
g "1.1 Haole i . u E
= Photon '\ - ] o \ W .,';L‘
Fl :
o cantact -
Time ] Time Time
Gain=1 Gain =M {N EU'EUD:} Gain — infinite
iy Ay -Geiger-mode operation-
N.Dinu Ecole Microelectronigue IN2P3 2013 linear mode DJGE;“Ef’fﬂH g P



[~ Solid state devices - PIN
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One of the simplest kind of photo-diodes is the p-i-n photodiode

— intrinsic piece of semiconductor sandwiched between two heavily
(oppositely) doped regions

= 2 I- ACTIVT DIAMETER
|

WL ALLIZaT RN
-

L L
s - :.1"

i 1. ¥
LLJE'LI TICH LGN * I:"

INTHISEIC B ARG Ty |

'E

o~ 1
BETALLIEAT iy CATHINE

= WILES
= ELECTRONE

Fr;:IT{n IHIUCED
ELECTRCH=HOLE PAIR

Intrinsic region for:

— lower capacitance - faster/low noise
— lower dark current

-~ higher efficiency for NIR

Basic model: current generator
Electronics: either I -V conversion

- W/ R - limited sensibility

- Op. Amp. w/ R feedback better choice
or charge amplifier

Anyway long integration time (low bandwidth) is needed for detecting
low light level detection above noise due to

leakage current and large capacitance

- limit is O(100) photons with time filter O(us) for O(cm?) detector

see Akiba et al Optics Letters 28 (2003) 1010 for Ultralow noise detection system with a PIN diode
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[ Groom's theorem on photo-det. resolution

G.Collazuol - Siena - IDPASC 2013

About the #photon resolution of an assembly
scintillator + semiconductor photo-diode

Noise/Signal ratio (- resolution) ~ scintillator area (A)
and
independent of the detector Area (a)

Indeed: amount of light collected is proportional to a/A (crude
approx. due to internal reflections) and noise is proportional to the
PD capacitance - to a (also crude approx. not valid for very small a)

... 0k a should as large as possible but there is little sensitivity to a

D. Groom NIM A 219 (1984) 141
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» Solid state devices — APD a diode with gain

G.Collazuol - Siena - IDPASC 2013

“Reach Through”

Ry

—

Narrow Gain Region
Medium Voltage 50-700V
Large Drift Region
Modest Gains (<200)

“"Beleved Edge”

Wide Gain Region
High Voltage (1-2 kV)
High Gains Possible
Larger Areas Possible

“Reverse”
o |[F deplesed ——=
™
X-Rav |[§ | o
“""—ﬁ'_'-;! T \Il+
P— TN,
s
[
= |\
=
=
3 \

Narrow Gain Region
Medium Voltage <500V
Small Drift Region
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Solid state devices — APD a diode with gain

— 100
a':' 90 LR LU LY BRI
> 80 = LI
g 70 "
E Eg :T . Example of modern APD characteristics
w40 + ~ (CMS EM calorimeter massive use)
g 30 -
= 20
€ qo1
g O
300 400 500 600 700 800 900 1000
Wavelength [nm]
10000 : 19
13
1000 o '
L1 .
100 o 9 .
= 3 7 -
i
‘T 10 e i Z 5 L -
O e alas 5 -"
@ 3(*
0.1 L
0 100 200 300 400 50C 0 500 1000 1500 2000
Bias [ V] Gain

Y.Musienko - SiPM review - CERN feb 2011
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r APD - Multiplication illustrated

G.Collazuol - Siena - IDPASC 2013

« VT /” ~ Epitaxial region — growth Silicon with
| no crystal discontinuty
hy —erere»l ' P p+ {lj
100°s | |‘—" —
Volts  — Mult
. —
1 Gam  pyify
— Depletion Region 3
Primary =
hv e > oain = L Multiple
— @ -
®—><
=2

Electrons gain sufficient kinetic
energy to cause another electron

to conduction band o :
Hole multiplication is not as important,

because mobility 1s less, but it causes
slow feedback and process excess noise
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r APD - Multiplication factor
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AV J |

"I % e )e
(0) ]—jdx‘.ﬂ'ﬂe(”ﬂ*’]
0

1
a, ( 1 E—(:zn—ﬁp L ]
oy — -’Bp '
A
o g_{an_ﬁpjlﬁ

: ~ P,

Define k = &
o

|

1—

- 1-Fk

.

(=8, )

w
Breakdown if 1= jdx ‘a.e
0

1x10"

100
10

0.1

0.01 -

0.001

0.0001 1.~

0.00001

1 1.5 2 2.5 3

Electric Field [10° Vicm)]

3.5

— ey
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r APD - Multiplication illustrated
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140 |
Uniform
Electric Field . Sl

2 Electric Field

0

Fosition

Electron__,

Injection

Ti
Electron

Iniection

(W) :
T Two ideal
P .
hte special cases
>
3 k=0
S For f, =0 andaumtorm electric field
@gle C’a@ W
ultiplication M, = exp( L andx] = expla, V)
* Fast
PMT
* Good No avalanche breakdown and }/, increases
exponentially with bias
> k=1

i,
~ R
i
" E,
. ¥
.
-
I

rd s

- -

a

Time

. Fora, =p, and a uniform electric field
Multiplication M =M =
n p

Is bad l—jwa dx B l—a W
+ Slow o "
» Positive feedback

True avalanche breakdown at the voltage where
a.i.i' Fi— :]

G.E. Stillman and C.M. Wolfe, “Avalanche Photodiodes”, in Semiconductors and
Semimetals Vol. 12, ed. by R.K. Willardson and A.C. Beer (Academic, N.Y., 1977).

69



[ APD - Multiplication in practice
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Elgetron Position

I
I
\\|

OV RN L

Iniection % %

/\SmEle Cal11e1 D

3 Multiplication
ﬂp =) "+ Fast }PMT
I+ Good
|
v |
fime
Electron Position
Injection ™\ |
"
% :( Two carrier >
q = ﬂ % | Multiplication
A M : Is bad
5’% J * Slow
™ Positive feedback
L : |
Time

G.E. Stillman and C.M. Wolfe, “Avalanche Photodiodes”, in Semiconductors and

When APD biased for low gain M < 1/k

III

o fast “normal” exponential growing
- current - 0 in ~t,_hole transit time

- pulse duration ~ 2x w/0 gain
- no gain-BW limitation

e high number of carriers in high field
region at given time: variations of
impact ionization induce
-~ small fluctuations

When APD biased for high gain M > 1/k

¢ significant prob. of hole ionization
event within a given avalanche

e slow buildup and long pulse due to
many carriers over long time
- gain-BW limitation

e low number of carriers in high field
region at given time
— large fluctuations

e hole ionization near cathode result in

Semimetals Vol. 12, ed. by R.K. Willardson and A.C. Beer (Academic, N.Y., 1977). la rger pu Ises
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r APD - Fluctuations of Gain

Excess Noise Factor ENF = F =

1O T ——F
{ * | : L4 - I 2-
F50.00) F,(k.M,) o1 FP(Ifk,JHP) . . Vo —1
— ' AT F,=M,{1-(1-k) ==
F(20,M) 5 1 o n Ay . \ \/
K o iV
F(10,M) / - L . .~ -
: 1T ’ S e +7
F(5,M) / ' P R pE
- .- 1'}'} ‘J .I : - 'I — r — "
F(2,M) - — T - ~ |
- - —+ “F r ] s - ™y 2
.1:_(.1,>M} if - 7 — - , f | l i;‘r_{p . 1
F(0.5,M) [ |- - o 3 4 Fp = ﬂzfp 1-|1——
aa f— TS .' k) M
F(02,M) | / .' . i r
- - .‘1 A L R L " .i
™M . . . 4
8 —FI:DI’M} 1'} I " | ' I ] < ’ F i ‘! "' [ -1
— ¥ ¥ l i ik -
LN) F(005, M) 'Ir " e L > i = 2 _.-‘" MclIntyre 1966
gg F(0.02,M) 7 T I# ¥ 1A -
a - .I A R - ] ) /" '.-
a) F(0.01,M) A LR AT A1(
N gy Vbl BT e
I
QL )
)
- Y 10 100 110°
o M or M
M or !
2 n P
0
©
O
O
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r APD - Fluctuations of Gain
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Iniection

Py

Injection

r, p S }PMT
I+ Good
' |
L '
lime , ..
Electron__, __Fosition :
N :
B 3 | Twocanier
A, i Multiplication
'1":-,\_\.
b Y ! Isbad
"%ﬁ; + Slow
e Positive feedback
L & l
Time

=

Fosition

B

oy |
. - | rer. I
/P Single Carrier

Elactron .|

94 Multiplication

When APD biased for low gain M < 1/k

F -2

When APD biased for high gain M > 1/k

F->2+ kM

For device gains >> 1/k further increases of
gain are the result of small numbers of
relatively large pulses that are due to one or
more hole ionization initiated secondary
avalanches

Note: in PMT also avalanche is a Markov
process but constrained to a fixed number of
events (dynodes) - ENF limited to F~1.2

Interesting papers: Waks et al “"High Photon Number detection for Quantum Information Processing”
IEEE Sel. Topics Q. Ele. 9 (2003) 1502 and Fox et al "Characterization of cooled large-area silicon

avalanche photodiodes” Rev. Sci. Instr. 70 (1999) 1951
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r APD - Fluctuations of Gain and Timing

- Siena - IDPASC 2013

G.Collazuol

Electron Fosition
T ———————————————
Injection B
Q@ngle C an1E1>
/7 %8 Multiplication
ﬁp — 0 F I * Fast }PMT
v I+ Good
4 |
v !
Time .
Electron ; Position

Injection

. I
\% : <T\w0 carrie/r/>

N | Multiplication
N, g Isbad
H"%g v Slow
%“Jl » Positive feedback

When APD biased for low gain M < 1/k

Timing fluctuations are small limited by the

length of depletion region

— time resolution limited by electronics
(high Ampilification for low light signals)

When APD biased for high gain M > 1/k

Timing fluctuations are large due to

fluctuations in avalanche

see for instance Hayat et al J. Lightwave Tech. 24 (2006) 755

Note: APD are capable of Single Photon detection but quite low

T cooling mandatory. See for instance
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APD - Timing with x-rays
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Timing

S5343
(1mm dia., 10um)

Counts/channel

Counts

10°

1w°

107

10°

10

PF-AR sindle-'huhn:ﬁ mode
NW2A 16.0 keV
ﬂ AT:
400V ’e 190ps(FWHM) 1
M=42 .4
I i; J.TE:—*'T.jE + J.TEE |
» 3 whenaT,* = (160ps)’, 4
' i aT =102ps
i .
* ]
| | . Ml (A
4 2 o 2 4 5 -
Time (ns)

1.0x10° T I T s T I T o T ' T g T I T T
| HY mode (8 July,95) 14.4 keV
s o | 1/3filling, 1_=117mA ATAT 24 AT ]
B anch ( AT_=60 ps, AT =100 ps -
B.0x10° | ; : ; i
~—2.84ns—
4.0x10* | 4 o -
_J. aT=115ps .
2.0x10* |- 1 {FWHM} e
i %
0.0 [EE hL 1 : tj L | W R e ..l... i,
-1 | 1 2 3 2 5 i T
Time (ns)
S8664-30

S.Kishimoto APD detector Workshop ESFR 2005

.. with x-rays ...

(3mm dia., 7-10 um)

AT< 100ps is possible !
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[ APD disadvantages
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Main disadvantages:

— ENF increases with increasing gain

N . . : :
Q APD - Temperature coefficient also increases with gain
m \ B (... gain stability)
P™- Type Devices with high multiplication noise are

not good for single photon counting
N — Type Silicon
Single photon counting is possible,
but at low temperature (T~77K) and
with slow electronics (PDE~20% )

A. Dorokhovet.al.,JournalMod.Opt. v51 2004 p.1351

Additional disadvantage:

— sensitive to charged particles, neutrons, ... (nuclear counter effect)
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r Solid state devices

Current (A)

APD: avalanche photo-diode
o Bias Vg (Vapp <V <Vy)

e Linear Mode/ AMPLIFIER device
e Multiplication < 103 (lim. by fluctuations)
e Sensitivity ~ 5 ph.e

(1ph.e. at low T with slow electronics...)

1 0-4 i;
Photoclurre-_nt_ s

/ GM

Dark current

- ( _)—‘.‘5_" : .

[
»

A

1
> 1B
1
Voo full depletion —

[ 1 1 1 1 1 1 1 i 1 1
0 5 10 15 20 25 30 35 40 45

/ . APD

Reverse biased junction:
internal gain via impact
ionization in high E field

hv%

MO

T iip"'_ﬁ_

: >
letion region

electric field
in the reversed
bias diode

\ 4

GM-APD: Geiger Mode

e Bias ABOVE V,, (a few V)
e BINARY device

e Gain: ~10° (lim. by C)

Reverse voltage (V) /. Single ph.e. resolution

basis for building alternative to PMT

e Limited by dark count rate
e Need Quenching/Reset76



_r Geiger Mode APD - SPAD
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v quard ring p ; A

- Two types of implementation (— arrays)

planar -
nt imetal . = reaCh through
— [ g T
T [ ]
i |l~_'t_f H.L)
R R.H. Haitz
1. Appl. Phys.,

Vol. 36, No. 10 (1965) 3123
" metal

=11

= * Quenching mechanisms

= — Passive quenching: large resistance

W — Active quenching: analog circuits
S. Cova & al., App. Opt. 35 (1996) 1956-1976

'.Vhins

the output

i+ | F {1::I|J

| p* | | 15

2 | Sl
i]:"” || : 21

LR, Miclntire
! |EEE Trans. Elec. Dew.
o — ED-13 [1966) 164
fiv

Standard output signal
Q= 10°-10%

ot 1%
kR

Time (a.u.)

Current (a.u.)

Binary device

* If one or more simultaneous photons fire the GM-APD,

is anytime a standard signal: Q~C(V ;.- Vgp)

* GM-APD does not give information on the light intensity __



_r The Silicon PM: array of GM-APD

Single GM-APD gives no information on light intensity - use array of GM-APDs'
first proposed in the late '80-ies by Golovin and Sadygov

Rguench A SiPM is segmented in tiny GM-APD
cells and connected in parallel trough a

7
\ ¢ o 7 decoupling resistor, which is also used
m’ for quenching avalanches in the cells

Al electrode

Each element is independent and

2-4p gives the same signal when fired
300u | 4 by a photon
! \ | Si0,+Si;N,

p-epilayer | > of binary signals -~ analog signal

n*/p junctions o Y 9 9 9

Indvidual surface resistors Q = Q1 + Qz = 2*Q1

Metal (Al) grid 3 U

= = = = =substrate

Output «« number incident photons

SIPM Pixels of the SiPM

G.Collazuol - Siena - IDPASC 2013
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B The Silicon PM: array of GM-APD

G.Collazuol - Siena - IDPASC 2013

Single GM-APD gives no information on light intensity - use array of GM-APDSs'
first proposed in the late '80-ies by Golovin and Sadygov

Fe Ek st

HIFIH]

Mg Ceplw  Oosors Pt

Hyh Lo B

A SiPM is segmented in tiny GM-APD
cells and connected in parallel trough a
decoupling resistor, which is also used
for quenching avalanches in the cells

Each element is independent and
gives the same signal when fired
by a photon

X of binary signals » analog signal

Q=Q, +Q, =2*Q,

i

metal

—

=substrate

Output o« number incident photons
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_r A bit of history

G.Collazuol - Siena - IDPASC 2013

Sadygov - JINR/Micron (Dubna)

Pioneering work since late 80-ies Avalanche Micro-channel/pixel

at Russian institutes Photo Diodes (AMPD)
Investigations of various multi-layer silicon % vy g H/m
structures with local micro-plasma suppression = .ﬂ#. '1.1,:' P lE_J—
effect to develop low-cost GM-APD arrays R R—

n-5i wafer

A

Early devices ageing quickly, unstable, noisy

N\

i
Deep micro-well for

Si epi. layer of
5_"3-5p|.|. y charge collection
) Der'lsit)r--'h[:l4 mm 2
e high PDE

Dolgoshein - MePhi/Pulsar (Moscow) e very high density of micro-cells
Poly-silicon resistor eg Sadygov, NIMA 567 (2006)

Golovin - Obninsk/CPTA (Moscow)
Metal-Resistive—Sen;\_l;ncﬂpnductor (MRS)

Bt A
~"""-‘-'-."/ T semitransparent
: metal electrode

51 Resistor ' I TRE ]

Al - conductor

e Low fill-factor i
e Simple fabrication technology e oz

e.g., Dolgoshein, NIMA 563 (2006) * High fill factor e.g., Golovin
e Good pixel to pixel uniformity  y7va 539 (2005)
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MPI

Today

Many institutes/companies are involved

KON ceassala

in SiPM development/production:

s LU ARV
e CPTA, Moscow, Russia N
e MePhi/Pulsar Enterprise, Moscow, Russia
e Zecotek, Vancouver, Canada
e Hamamatsu HPK, Hamamatsu, Japan
e FBK-AdvanSiD, Trento, Italy
e ST Microelectronics, Catania, Italy
e Amplification Technologies Orlando, USA
e SenslL, Cork, Ireland
e MPI-HLL, Munich, Germany
e RMD, Boston, USA
o Ph|I|ps Aachen, Germany I
e Excelitas tech. (formerly Perkin- Elmer) K
e KETEK, Munich, Germany
o Natlonal Nano Fab Center, Korea
¢ Novel Device Laboratory (NDL), Bejing, China
e E2V

||||||||||||||

Amplification !

Technologies RMD
(DAPD) CMOS

SiPM

..............




_’ Few examples

JEKOTEK
MAPD-3N
3 X 3 mm?

G.Collazuol - Siena - IDPASC 2013

SiPM'’s of small area

ard -

Hamamatsu HPK
510362-11-025,050,100
1X1mm?

SIPM’s of large area

y

FBK - AdvansSiD Hamamatsu HPK
ASD-SiPM4ds $10985-50C PM335EI
4 X 4 mm? 4 X 4 mm?2 3 X 3 mm?

STMicroelectronics
SPM35AN
3,5 X 3,5 mm?
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ZECOTEK MAPD-3N

ASD-5iPMA45

HAMAMATSU 510985

v/

KETEK PM3350

7

STMicroelectronics

A Dark Count Rat .
Producer Reference {mr:;] PDE max @ 25 °C * fﬁjz} ;U;SD;*E Gain *
ZECOTEK MAPD-3N 3x3 20% @ 480 nm 9.10° — 9.10° 10°
FBK - AdvanSiD | ASD-SiPMA4S 4xd 30% @ 480 nm 5.5 107 -9.5 10/ 4.8 10°
50% @ 440 includ 6 6
HAMAMATSU | S10985-50C | 6x6 02 i M nmlncutes | ERdE A00G 7.5 105
afterpulses & crosstalk)
7]
KETEK PM3350 3x3 40% @ 420 nm 4.106 2 10
o 16% @ 420 nm 6 6
STMicrolectronics | SPM35AN 35 ; 7.510 3.210
* dotasheet data

Ongoing R&D to increase the active area at KETEK, AdvanSiD, Excelitas (6 x 6 mm?)
Other solution to get larger area : connection of several channels of a matrix

V. Puill, 1EEE N5S Conference, Anaheim, Nov 1 2012

7




Discrete arrays

Producer Device ID Picture Totalarea  SiPM area Nr.
(mm?) (mm2/channel) channels

Hamamatsu 18x16.2

S50x50 um
Hamamatsu 33 G4{@x2)ch
R aE 72%64.8 3x3 256(16x16)ch
S rei ASD-SiPM4s-P-4x4T- 8.2x8.2 4x4 16(4x4) ch 50%50 pum
S _ 50 69X69 um
O AdvanSiD ASD-SiPMds-P-4x4T-
< 69
=N FBK SiPMtile 32.7x32.7 4x4 64(8x8) ch
© =
|l AdvanSiD
wn
Bl cons| ArraySM-4P9 46.3x47.8 3x3 144(12x12)ch  35x35 um
S ArraySB-4P9 (blue (basedon
N
© sensitive) monolithic
S Array SM4)
(U]
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Producer Device ID

510924-025P
510924-050P
510984-100P

510935-025C
510985-050C
510935-100C

Hamamatsu

Hamamatsu

Hamamatsu S511828-3344M

FBE ASD-5IPM1.55-P-
AdvanSiD 8X8A

FBEK ASD-5IPM35-P-
AdvansiD 4X4A

Array SM-4
Array SB-4 (blue
sensitive)

Monolithic Arrays

Picture

n

*
\ 4
.
<

Effective area SiPM

(mm?)

6ExX6

12x12

116x11.6

11.8x1128

12x12

area/channel

(mm?)

3x3

3x3

1.45x1.45

2.95x2.95

3x3

Nr. channels

4{2x2)ch

16(4x4)ch

64({8x8)ch

16(4x4)ch

16(4x4)ch

ucell size

S0xS0 um
100x 100 um

25x25 um
SO0x50 pm
100x 100 um

50X50 pum

50X50 pm

50X50 pum

35x35 um

0l



rTechnoIogies around the world

Pioneering work in '90s by Russian institutes

* CPTA, Moscow | Metal-Resistive-Semiconductor
* JINR, Dubna

* MePhi/Pulsar Enterprise, Moscow - e Poly-silicon resistor

SiPM Matrixes
vias to avoid bonding

« Hamamatsu HPK, Hamamatsu
 FBK-AdvanSiD, Trento ————
* SensL, Cork
* ST Microelectronics, Catania Poly-silicon resistor
* Excelitas techn. (formerly Perkin-Elmer)
 National Nano Fab Center, Korea

* Novel Device Laboratory (NDL), Bejing

I

Recently more institutes/companies involved {

* MPI-HLL, Munich —— e Resistor embedded in the bulk
* RMD, Boston ————— CMOS process
* Philips, Aachen——e Digital SiPM (CMOS)

« Zecotek, Vancouver-—e Quenching with floating wells
 Amplification Technologies, Orlando

Philips ||
CMOS
dsiPM |

Some are commercially available, other are prototypes

G.Collazuol - Siena - IDPASC 2013
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Physics & Technology
Key features

- Closeup of a cell = Custom vs CMOS
- Guard Ring and Optical isolation

- Operation principles of GM-APD and quenching modes
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g Silicon technology

- Siena - IDPASC 2013

G.Collazuol

Two different approaches for SPAD or GM-APD arrays

Custom technology CMOS HV technology
* control/tune shape of E field e no optimization of shape of E field
- high PDE _ + high curvature sub-micron tech.
— optimized timing resolution - special care for guard ring
— low Dark Count Rate (limited range of GR possible
~ low After-pulsing only STI demonstrated ok)
e possible both Planar and Reach Through e only Planar structures
- tune spectral sensitivity - UV/Blue sensitivity
e limited integrated electronics e fully supported sub-micron technology
(no libraries for complex functionalities with models and libraries ~complex electr.
and for deep-submicron features) ~ processing of large amount of data
— simple integrated electronics - high density - imaging
(few large MOS) > ultra-fast timing
— it limits array dimensions and fill factor
Ancillary electronics (quenching/readout): Ultrafast and/or imaging
- completely external - SiPM monolithic SPAD arrays

- hybrid -~ SPAD arrays ... complex fabrication
88



_r Silicon technology - few examples

- Siena - IDPASC 2013

G.Collazuol

Custom technology

: (polySi) oxide
| oxide |
E ARC 3
I |
p implant p implant

CMOS HV technology

SiPM “"RGB” FBK - no electronics

quenching resistor metal line

p epi layer

p** substrate

substrate contact

Stapels et al Procs. SPIE 7720 2009
N.Serra et al JINST 8 (2013) P03019

SPAD custom CMOS - hybrid electronics

substrate top contact poly-Si

isolation

INVERTER
nMOS

g S g S S —

n+ substrate

Cammi et al Rev Sci Instr 83 (2012) 033104
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= Close up of a cell - custom process

Optical window
note: light absorption in Si, SiO,

Shallow-Junction APD

Example of implementation
C.Piemonte NIM A 568 (2006) 224

Shallow n* layer i '
(0.1 um)

Optically
dead region

Optical
isolation

(fully) depleted region

(4 um)
T epitaxial
Substrate Active volume
low resistivity contact e N0 micro-plasma's
(500 pm) high quality epitaxial

doping / E field profile
engineering Critical region:
e Leakage current
e Surface charges
e Guard Ring for

e n*on p abrupt junction structure
e Anti-reflective coating (ARC)
o Very thin (100nm) n+ |ayer: “low” doplng . . . - preventing ear|y
~ minimize Auger and SHR recombination Optimization for edge-breakdown
e Thin high-field region: “high” doping p layer [ Dblue light (420nm) - isolating cells
- limited by tunneling breakdown

: . . - tuning E field shape
- fixes V,, junction well below V_  at edge impact on Fill Factor
» R, by poly-silicon

e Trenches for optical insulation (cross-talk)
e Fill factor: 20% - 80%

G.Collazuol - Siena - IDPASC 2013



r Close up of a cell - custom process

Shallow-Junction APD Optical window — Anti-Reflective Coating (ARC)
note: light absorption in Si, SiO,

Example of implementation
C.Piemonte NIM A 568 (2006) 224 Optically

dead region
(20°I/o-80%)

Optical
isolation
(cross-talk)

Shallow n* layer i '
O(100 nm)

Abrupt junction
1

Trench 1 (filled)

(fully) depleted region
O(um)

T epitaxial \

Substrate
low resistivity contact
O(500 um)

“ o Active volume Critical region:
multiplication e No micro-plasma's e Leakage current
§ and eventual high quality epitaxial e Surface charges
'; total leakage § breakdown | e doping / E field profile e Guard Ring for
©° § ategde engineering - preventing early
V y edge-breakdown
- - isolating cells
Y - - tuning E field shape

y o ~impact on Fill Factor

unmultiplied multiplied bulk
- lea kage I~ Vbias N(Vbias B Vbias)2



Key elements for CMOS SiPMs

-r CIOse u p Of a CM OS Ce” e APD cell isolation from CMOS circuitry

e guard ring

APD integration into CMOS
Example of implementation T.Frach in US patent 2010/0127314

Note e extended CMOS processes exploited

e careful design of cell isolation and guard ring APD cell isolated

_y by multiple wells

shallow isolation

optical window . - from CMOS circuitr
(STI/LOCOS) g anode (p*) .~ Y
_______ 7”7
co_a:act ~ ~A
WI
buried | Example of
layer | NMOS FET
| of the RO
electronics
" |- —-——— =
S epitaxial p
O
)]
x
=
c p** substrate
9
E s
o substrate
S deep isolation trench (gettering sites)
U]

(oxide/polysilicon filling) radiation induced carriers) 99
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CMOS vs Custom processes

“Standard” CMOS processes _ .
e shallow implant depths high E field . tunneling
e high doping concentrations (low V) lattice stress \
e shallow trench isolation (STI) (defects/traps) hiah DCR
e deep well implants (flash extension) / 9
e no extra gettering and high T annealing o
e non optimized optical stacks » limited PDE
e design rule restrictions{' (often p-on-n)
limited timing performances
(long diffusion tails)

Recent progresses in CMOS APDs due to:
1) high voltage (flash) extension often available in standard processes
o deep wells (needed for the high voltages used in flash memories)

2) Additional processes (custom) available:
e buried implants
e deep trench isolation

e optical stack optimization Key elements for CMOS SiPMs

e APD cell isolation from CMOS circuitry
e guard ring
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Physics & Technology
Key features

- Closeup of a cell = Custom vs CMQOS
- Guard Ring and Optical isolation

- Operation principles of GM-APD and quenching modes
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_r Guard Ring
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Guard Ring is needed to:

e avoid premature edge breakdown (due to junction's high curvature)
- either reduce electric field at edge (floating GR)
— or by terminating electric field lines “within” the high field region
— or by exploiting special edge geometry (trenches)

e drain leakage currents (for avoiding its multiplication)

e electrical isolation of cell from electronics

e optical isolation of cell against cross-talk

Oxide

Elecine Feld
- 9.2 B 0s
| TH4E+05
- BBELO5

I 3.7E+05

’. 1.8E+05)
0.0 E-+ 00

Fig. 1. ISE-TCAD simulation of electric field distribution across a pn junction formed by consecutive implantation and
diffusion steps. A uniform field exists in the planar junction region but the field 1s sigmificantly higher in the curved
regions. resulting in premature breakdown and in a higher avalanche probability in these areas. Field strengths are in

Vicm and coordinates axe InmNSI™S Finkelstein et al. “An ultrafast Geiger-mode SPAD
in 180nm CMS technology” Procs. SPIE 6372 2006
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_r The Guard Ring structure

I

e high E field @) iy
structure, not
uniform

e well tuned high

E field structure

e no additional

e neutral region neutral regions

(timing tails)
limited e fill factor
e [imi .
less lim
fill factor

e alternative to ¢ less commonly

Diffused GR exploited
o difficult to e careful modeling
implement

required

o v

8- developed b () 1

P Y e Comac cathogs I ¢ physically blocks
.Cova and coll. and confines the
g (fully custom) high E field in

: active region

€ state of the art J

i SPAD timing “double epitaxy structure” « might cause

- and PDE .- S high DCR due t
Srpn Timing optimized GR Shallow Trench Isol. STI GR "¢ ue to
s(red enhanced) ) :

N tunneling

% - etching-i

O from “Avalanches in Photodiodes” G.F.Dalla Betta Ed., InTech Pub. defects/traps

©
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Guard Ring structures in SiPM

Sul et al, IEEE EDL 31 2010 "G.R. Structures for SiPM”

@)} 1E-6
£ o
-3 — = <
T 3 Cathode = El T 1ET
(EB c Anode | | e
3 0 b= N Well (2E+20 atoms/cm®) =t $70nmm o
o l' ,I«L P Well (2E+17 atoms/cm?) J 1 900nm R
< © B HACITR o = B o — =
5 + Microcell Width = 30 um Fix =
P v : z £ 1E-9 o
L 0O Virtual Type Guard-Ring =2
> E g S
SiPM Width = 38.8 ~ 43.9 um s
n
'Q 1E=&
0
9 =
m E 1E-T
O G
~ T 1E-E 4
4_, g
- 7
f_U E 1E-2 4
D_ (=4
E 1E-10 T
— (1] Fi
1E-8
n
8 ! % 1E-T
by 2
—— 3 1E-8-
'S Micro %
S Trench Type Guar¢ 5 ,s.0.
(i R
= SiP
1E-10

T T T
25 an 35

T T T T T
40 45 S0 a5 a

Reverse Anode Voltage (W)

(1

T
kb3

o

OXIOE B5.5

Impact lonization

i High Field
* Region shiffed

—_ 63.5W 4 /q.
=

= L T o T
25 30 5 A0 A5 L] 55 Bl 65 Vi

Rewvarse Ancds WVoltage (W)

Maresca et al. Proc. of SPIE Vol. 8072
“Floating field ring ...
to enhance fill factor of SiPM”

: a
n+ : |
| |
| b
T . —
- |p
P s,

— -
p+ H \
__________ _ 7 Depletion
region

P boundary
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Physics & Technology
Key features

- Closeup of a cell = Custom vs CMQOS
- Guard Ring and Optical isolation

- Operation principles of GM-APD and quenching modes
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Operation principle of a GM-APD
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are studied in detail since the '60 for
modeling micro-plasma instabilities

1
1 Ig"""% ——————————————
MciIntyre JAP 32 (1961), Haitz JAP 35 (1964) WM M

Avalanche processes in semiconductors ?}:‘ _______________________________ !

and Ruegg IEEE TED 14 (1967) | N
o quenchmg v
currents / external { tme 1
By
i  8c!
| W Va } t :
R f | :
L q § :
C V.. Y1
8 Vbd)i d—— —_— bias v Vb L..-..f ———————————————————————————
= I
R, §
F16. 3. Shape of current pulse for 6,<r: (7o)

: avalanche triggered, switch closed C, discharges
to V4 with a time constant R,C,= 1., at the same time the

external current asymptotic grows to (V,_.-V,4)/(R,+R,)
P,, = turn-off probability P,, = turn-on probability
probability that the number of probability that a carrier
carriers traversing the traversing the high-field
high-field region region triggers the

fluctuates to O ‘ avalanche

OFF condition: avalanche quenched, switch open,
capacitance charged until no current flowing
from V,_, to Vs With time constant R C, = ¢

recovery

99



G.Collazuol - Siena - IDPASC 2013

Operation principle of a GM-APD

Avalanche processes in semiconductors ?}:‘ T R !

are studied in detail since the '60 for L 1n
modeling micro-plasma instabilities . %-*% _________________
MciIntyre JAP 32 (1961), Haitz JAP 35 (1964) W M

and Ruegg IEEE TED 14 (1967)

| ik APD

to V,, with a time constant R,C =
external current asymptotic grows to (V

P,, = turn-off probability

probability that the number of
carriers traversing the
high-field region

fluctuates to O

GM-APD

Vﬂ V ¥16. 3. Shape of current pulse for 6, r:(Fo)

: avalanche triggered, switch closed C, discharges
at the same time the
-Vpa)/(R,+R))

Tdischarge

bias

P,, = turn-on probability
probability that a carrier
traversing the high-field
region triggers the

el avalanche

OFF condition: avalanche quenched, switch open,
capacitance charged until no current flowing
from V , to Vg,s With time constant R, .C = ¢

recovery
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r Operation model and ideal pulse shape

1-exp(-t/1y)

G.Collazuol - Siena - IDPASC 2013

Diode (capacitor)
and slow recharge

charge stored defi
-~ Gain ~ C AV

AV =V__-V_, "Over-Voltage”

currents / external
. | "W
nes Gain R
" C Ry
8 Vbd)i o L Vbias
=i
o

Gain - linear with AV (# APD)

— no intrinsic
— independen

Rise time T depe

Recovery time

fluctuations !!! (= APD)
t of T at fixed AV (# APD)

ndence (weak) due to R,

T dependence (strong) due to R,
C, is independent of T

Fall time (recovery)

< =
T, = RyCy
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VS T

quench recovery

r Passive Quenching: tread-off ¢

fast quenching If R, is high enough the internal current is so low that

A < > statistical fluctuations may quench the avalanche
iIatch 1 .
proper quenching Haitz JAP 35 (1964)
R. ~ hundreds kQ

Q

e[ T T T T T

_
b . \&h s :
Ts) r_. . |
quenching time too long ,_/ ' i
(and fluctuating) /

v < » bad quenching 106 |-

R, too small\]‘\lm_‘ \ ]
t Pio - ) i
> 102

- L—® A y
= .

o | —
Q

1)) = \ —_
x

= . . i
. i, no quenching -

n N I D S |

S R, by far too small © 20 40 60 [u4]
‘E t I —

8_ b 153G. 2. Turnoff probability per second as function of pulse cu
©

LV



r Passive Quenching Regime

latch

Current (A)

Proper value of quenching resistance Rq is crucial to let the internal current
decrease to a level such that statistical fluctuations may quench the avalanche
- sub-ns quenching time - crucial to have well defined gain

a

; quenching time

D S

proper quenching
pulse

1E-3 4
1E—a1--;
1E—5-;
1E-E-;
1E-r-;
1E-E-;
1E—9-;
15,1.;..;

1E-11 o

reverse I-V
characteristic

32

Bias (V)

Given Rq the proper quenching regime

is for AV in the range:

where as a rule of thumb

O < AV < Rq]latch

I ~20pA - AV__ ~ a few Volts (typically)
. q uenching
. time too long bad quenching
e pulse
(beyond AVmax)
IIIIIII"I.
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[ Operative AV Range - I,  /DCR

G.Collazuol - Siena - IDPASC 2013

Operative AV limited by:

1) I,.,~20pA - AV < I_ . R (non-quenching regime)

2) Dark Count Rate (DCR) acceptable level « PDE vs AV « E field shape
3) V, % edge breakdown (usually some 10V above V. )

A practical method for estimating the operative range (limited by effect 1)
is to measure the ratio R, of the measured dark current I to the dark

current I' ) calculated from the measured dark rate and pixel count spectra:

after Jendrysik et al NIM A 2011
doi:10.1016/j.nima.2011.10.007

ID 14 LS T s R R I i
p ] = - Hamamatsu S10362-11-50C
— N [ | —=—253K = 183kQ
I, = DCR-N-G-q, 5 12 | —e—273K = 156kn
T - «— 293K = 139k
where N is the average N of fired cells § rwenching [
-§. 8 time tQo long pad quenching
Q pulse (above
'-E 6 AVmax)
Non-quenching regime for values of AV £ |__
when R, deviates significantly from1 3 * \ /
2 k-
Jendrysik et al suggest glos vos poeas 08 pae y o g gy ]

12 14 16 18 20 22 24 26 28 30 32 34
overbias (V)

R,=2 as reasonable threshold

)4



B _Excess Charge Factor (ECF)

The above mentioned current ECF = I
ratio is indeed a measure of ~ Counts Rate-N-G-q,

total correlated noise
("Excess Charge Factor”, after N.Serra et al JINST 8 P03019)

— It accounts for any extra charge introduced by
After-pulsing and Cross-Talk (see later)

— it is not multiplication noise !

G.Collazuol - Siena - IDPASC 2013
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r Passive Quenching (Resistive).{—
J Jﬁ;‘: ~__|Poly-Si

1) common solution: poly-silicon 350 ‘T\

e W

300
Metal Thin Film

2) alternative: metal thin film

- higher fill factor g = 25
- milder T dependence 250 | | |
=20 -10 Te:pemmr:[?{:] 20 30

3) alternative principle: bulk integrated resistor Nagano IEEE NSS-MIC 2011
— flat optical window - simpler ARC
— fully active entrance window

— high fill factor (constraints only from pros « Rg matching constraints

guard ring and X-talk) cells' pitch/wafer thickness

— diffusion barrier against minorities

— less X-talk < vertical R is JFET
— positive T coeff. (R~ T+24) contra > non-linear I-V
— production process simplified » cost > long recovery

Ninkovic et al NIM A610 (2009) 142 Edge clectrical o R

field region

and NIM A628 (2011) 407
Richter et al US ,L%?teqite /C\!.O 2011/0095388

gap

b bulk rdepletion ; ] :

[] i _ ' = '. : . ¥ : i '

\ 1resistor | region . P-Epilayer . resistor | s
¥ 5 . i x

. (2328 olmem) -

MPI HLL

depleted gap
region

NDL SiPM

non-depletec
region

on-depleted
region

Back electrode 211@NG €t al NIM A621 (2010) 116
Ltub

G.Collazuol - Siena - IDPASC 2013



Passive Quenching (Capacitive)

Quenching feedback due to charge accumulated

by means by semiconductor barriers

AmplificationTechnologies
Shushakov et al US Patents
N° 2004/6885827 and N° 2011/7899339

FIG. 3 107 FI%& oA "1'9811 "'E%Y'Si 108 106
; f t 1 Tout
1021\1\03i~\ 1(’;4 é p-Si . SOOI T,
1 1021
) n'-Si
EC
_./_.mai E::l_ FIG. 58
_,/’-mai
_:,’msi
106
1 {102,
1/ I
- T 8
C
SMM
< T By
E 105 —_ FIG. 50
LV ]
'—I L{..‘A il mr
: 3 | =
-(9{ 103“ 1 Uerruo {Uon-Uoff)
S
N Note: induced signal is fast (ns)
3 but recovery q_uite slow (ms)
o (non exponential)

Zecotek
Sadygov et al arXiv 1001.3050
Sadygov RU Patents N2 1996/2102820

and N° 2006/2316848
T hot “ contact |
a % ? photons p~ contact layer
S pQ o P — = _p epitaxial layer

T

o
S K 0

\
\‘\ Avalanche region

n—silicon wafer

Micro-wells for
electron collection

w,a) avalanche at internal high field regions
b) charges accumulated in isolated potential wells
» - E field reduced (locally) - avalanche quenched
— Fast signal induced (capacitive) outside
c) potential wells discharge slowly by tunneling
(discharge must be delayed for good quenching)
- high E field recovered
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Passive / Active quenching and recharge

-~ Passwe Quenchmg

ey

v

“ \ and Reset

ﬂ..j A

SiPM

- Active
Quenching
and Reset

v ~]>

PULSE
GENERATOR

Gallivanoni et al IEEE TNS 57 (2010) 3815

,//

Passive Quenching
Active Reset

>

PULSE
GEMERATOR

MtV

Mixed
/ Active/Passive\
| Quenchi }

\Actlve Reset -

- CONTROL [
Vi, Logic |
modern

SPAD arrays

K IUK
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mm_Passive / Active quenching and recharge

= 30
E 0 50 100 150 200 Rg Passive
E 1 | Time l:nF:'l | M Quenching
E 0.5 k
§ 0 ] EID 'HEID 15ID 200 Uﬁ
Time {ns)
Need active elements for gaining control over:
— quenching time against fluctuations (if Rg small)
— avalanche charge (- limiting AP and cross-talk)
— recovery / reset time (- limiting dead-time and
-~ allowing gate or hold-off)
Vv, Passive Quenching

RI Active Reset

>

"'""*zg PULSE
GENERATOR

- reset ok
- hold-off (to exhaust trapped carriers)
limited by passive reset

G.Collazuol - Siena - IDPASC 2013
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mm_Passive / Active quenching and recharge

- Active
3 % Quenching
s T ' ' and Reset
% 0 ﬂ 20 40 50 E.D 100 VTH .
© Time (ns) . . . .
z 1 | —pe - Quenching time: critical
= GENERATOR - Reset: Ok,
5 | well defined dead-time
g 0 i 20 40 &0 80 100 - Hold-off: ok
. Time (ns)
Mixed
Active/Passive
I B — Ve Vi Quenching
5 S "’K| | g Active Reset
% % 0 0 20 20 50 80 100 SF*J
E © Time (ns)
9. g . . . - CONTROL |
© 5 v LoGIC |
q::) E 0.5t MZS | +
0 : iy
U') E © 4] 20 40 &0 BIIJ 100 Gr/ ) . . .
E Time (ns) - Quenching time: ok
B v = - Reset: ok
S * - Hold-off: ok
U] .. integrated circuit is quite complex - arrays: hybrid or CMOS
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Mixed Quenching/Recharge

)]
O

S

.......

m -
© anell
a

S anell \

...................

......

from

unench——

control logic

Vbias_total Basic circuit elements:

......

................

. buffer

« reset (active)

----- 1) quench circuit to detect and stop the
.,E‘.Cpn avalanche and restore bias conditions
2) buffer (low capacitive load) for isolating the
APD from the external electronics capacitance

!5 I> _LJ_V (pulse shaper and impedance adapter)
V out Configuration with anode to ground potential
_ is best: only C,, is involved — minimum RC load
_‘E‘Mquench(_ quench (mixed) minimum quenching dead-time

- minimum charge flow in APD (less after-pulses)
(in addition n-well regions (cathode) can be shared among many cells)

Note: use of PMOS to minimize the
area wrt NMOS for the same target
quenching resistance

ol

= to readout

6T

— racharga\.
spad_enable

SRAM

i

TTRLLLLELT]

Tl eastl I

» Cell electronics area:

» ~6% of total cell area

ﬂF + Modified 0.18um 5M CMOS

i ===+ Foundry: NXP Nijmegen

120um?

» 25 transistors including 6T SRAM

T.Frach at LIGHT 2011

buffer - simple inverter as
input signal is already digital
(avalanche saturated current’

dSiPM cell electronics

* Cell area ~ 30x50um?
* Fill Factor ~ 50%
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_FAnang vs Digital SiPM

Analog Silicon Photomultiplier

Vbias
Readout ASIC
Discriminator R TDC =+ Time
DJ: Shaper H | —ADCi—b- Energy
SIPM 4 dSiPM provides a R
Digital Silicon Photomultiplier CH o ik
the photon count for
W each light pulse,

without the need of
Cell Detector + Readout any analog front-end

£ L . electronics j
Recharge -
E = - Tme%

Photon
11l control over
individual SPADs
2

» counter [T ENETQY
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@ Fundamental SiPM parameters
|

- Siena - IDPASC 2013

G.Collazuol

related to the recharge of the
diode capacitance from V _,to V__

during the avalanche quenching
time after I, is reached

Noise: dark count

S triggering another avalanche
afterpulses

optical cross-talk

\ photo-generation during the avalanche discharge.

Gain, Signal formation and
/ Dynamic Range - Linearity

pulses triggered by non-photo-generated
carriers (thermal / tunneling

generation in the bulk or in the surface
depleted region around the junction)

carriers can be trapped during
an avalanche and then released

Some of the photons can be absorbed in the
adjacent cell possibly triggering new discharges

PDE = QE+ P, *¢

QE = quantum efficiency
P,, = avalanche triggering prob.

g = geometrical fill factor

T Photo-detection efficiency

Related to the photo-generation and
to the avalanche propagation i Time resolution

113
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but... wait: how to measure
V... R

?

bd/ " "q’ " junction °

114
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[-V characteristics

- Information from Forward current - -Rqg

- Information from Reverse current —»

- junction Temperature

- breakdown V_,
- T coefficient

115



r [-V characterization: forward bias

2 FBK devices @ ) _ _
£ s Ohmic behavior at high current
30 D E—
Linear fit - R__. .~ Rq/ N .
10? -
10° ¢ f -«<
] 290K @ Voltage drop (V,) decreases
! 197K linearly with T decreasing
107 - [ .g. at 1pA
- (e.g. at 1pA)
' 9K Strong variation with T
[ - negative T coeff of V,
10 .
‘ @Forward current /
! !
i .. qV,
I : = i : : : : \ : IforwardNC<n)eXp( kT)_l]
] 0.25 0.5 0.75 I 1.25 1.5 1.75 2 2.25 2.5 N

Vaias (V) Shockley et al. Proc. IRE 45 (1957)
n ideality factor
Diffusion current dominating: n - 1
Recombination current dominating: n - 2

G.Collazuol - Siena - IDPASC 2013
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r Forward I-V - Junction Temperature probe

G.Collazuol - Siena - IDPASC 2013

Voltage drop at fixed forward current - precise measurement of junction T...
for T-0 ideally V - Eg

(freeze-out

e (almost) linear dependence with slope dV

effects apart)

/4

Vdrop (mV)

1000F ~_ ! ! _
TN ; constant current |

gﬂg:_ .............. » a\'ﬂ;...é ...................... R |nJect|On ............. _
r e : — : 1

PN : Iforw&ird - 1HA

sool . S T ]
_ e |

'-'gﬂ:_ ............................................ HN&‘*HM ................ ...............................................
[ : H”“qx

ﬁgg:_ ........................................................... ?H‘“;;;"é ...............................................

5,:;,;]_ ..... ]
L _E, kT, CA(T) s

.;rﬂg__ ........ d I ......................................... e W
: q q = forward h .

_;gg:_ .............................................. T T TS Hx‘“hk‘_

... otherwise not trivially measured !

E_1 1 L L 1 1 1 1 L L 1 1 L L 1 L L 1 L 1 1 L L E
ag 00 130 200 230 200

/dTl,, ~ -3mv/KT (K)

drop

(we don't see freeze-out effects down to 50K )

e direct and precise'calibration/probe of junction(s) Temperature
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[-V characteristics

- Information from Forward current - -Rq

- Information from Reverse current -

- junction Temperature

- breakdown V_,
- T coefficient
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r Forward I-V - Series Resistance (vs T)
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Two ways for measuring series resistance (R,)

1) Fit at high V of forward characteristic
2) Exponential recovery time (afterpulses envelope)

After-pulses

—

Note: SiPM for low T applications must have appropriate

quenching R (not quenching at room T I)

E 102 ;‘\ envelopg

D | Ll ittt P b S 1 AR

=~

e * LY

R NG -

I : q
o AN 5us
)
o 10 g O
) | .
™M == o fitl -V
™~ | . o
— b= o\ = fit exp recovery
Q | e BN
E:L ES N s
O O
< 1 e
= N - &
= (e
© !
)
O FBK devices
© 50 75 100 125 150 175 200 225 250 275 300
T(K)

Measurements (1) and (2) consistent
- dominant effect from
quenching resistor R

(- series R bulk gives smaller
contribution)

Empirical fit:
R,(T)~0.13(1+300/T ™) M Q

Afterpulses envelope

0.05
. Overlap of waveforms i . J
0 \ ’,?;‘3’1" v :?'.77\~:*‘V ': e
| WA Mo Y

-0.05 “Ji_‘;

Recovery time exponential

.

After-pulsing
more probable at short delays

Voltage (V)
S) .
- o
o e

-1.0E-08 1.0E-08 3.0E-08 5.0E-08 7.0E-08

Time (s) 1 19



_r Quenching resistor
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autput (aiL)

ooeE -

—.n2
O.OE+00

5.0F08 1 DE-D7

1.5E=07

time (sec)

fall time (nsec)

100

90 Imm sq, STO-MPPC (50ump)
a0 k

70 F

60

50

40

o

20

10

0

150 200 250 300
temperature (K)

The quenching resistor value increases as environmental

temperature decreases. The larger resistor makes the
pulse amplitude lower and the tail longer.

sheet resistance iknhm!sg__] .
2 & 8 B B B

[

Metal quenching resistor achieved 1/5 temperature dependence

Temperature dependence
of the sheet resistance

#: poly-5i resistor
B metal resistor

\
N

A

. . B

D 100 200 300
lemperature (K)

400

Temperature dependence
of the pulse fall time

ImE
#: poly-Si resistor
B metal resistor

Adopting
metal
quenching
resistor

Improved
temperature
stability
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_r Reverse I-V
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unmultiplied
perimeter
leakage

kﬁaHeakagei?

multiplied
bulk leakage

~Qq - Gain (G) - Dark Count Rate (DCR)
~ g+ AV - AV - quadratic with AV

Note:

- G is linear with AV

- Dark Count Rate is ~PDE which is linear with AV
(at least for few volts)

- Dark Current behavior
and V_, measurement

~ linear with Vbias - linear with AV (overvoltage)

Reverse I-V characteristics at fixed T

_—g 10° !
e |
~10?
295K .
10
I Fassk
-1 3 .
10 236K * .
¢
L 223K .
10}
173K
1o 123K
20 225 25 27.5 30 32.5 35 37.5 40

Viias (V)
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m Reverse I-V - Dark Current and V__
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Iddrk fHAJ

10

10

10

)

Reverse I-V characteristics at fixed T

Dark current decreases rapidly with T

Fig PR at rate ~ x2 / 10K
Megr™,
;02 _ : qu<3drat/
295K . bre )
10 - doy,
p Y % n
Breakdown Voltage vs T
I a8k S : : : : :
E FBK devices ’
-1 236K . 34 : : / 1
. . ; 32 ///
223K ' ! A )
= = d 30 - 0.9
173K 28 A
= 1 0.8
-3 . 26 P
- 123K P
Py Pt 107
~
0" | = = | | = 22 e
20 22.5 25 27.5 30 32.5 35 _ rH. 06
20 I :
18 : : : : : :
50 100 150 200 250 300 350
Breakdown voltage decreases T(K)

at low T due to larger carriers mobility
- larger ionization rate (electric E field fixed)

G.C. et al NIM A628 (2011) 389

V, (TYV, (300K)
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[ V., vs T - T coefficient (AV stability)
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= 36
= 3y
32
30
28
26
24
22
20
18

Breakdown Voltage

" ~80 mV/K
_» (above 240K)

.

Vbr measured by fitting single
p.e. charge vs bias voltage
~ (pulsed mode)

e the line is for

e FBK device eye guide .

50 100 150 200 250 300

T(K)

G.C. et al NIM A628 (2011) 389

V, (TWV, (300K)
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o

60 80 100 120 140 160 180 200 220 240 260 280

J.Csathy et al NIM A 654 (2011) 225

Temperature [K]

Fig 6 Breakdown voltage as a funcrion of temperature of the MPPC with 400 pixels.
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[ Depletion layer - V_, dependence on T

6 _I 1 7 rfr 17 7] 111 I_
TCAD simulations _
s |- T=293K _|
E = ""'rt,-ius =27TBV _
= 4 —
T -
e 3 ««o Davice & —
% s = =-Device B |
s.{_: 2 — Device 0 _|
% = A
o 1 7
o0 N
0 5 6 7

Depth (um)

Narrow depletion layer (high background
doping™) or thin epitaxial layer)
- minimize V,, dependence on T

- gain stability 2/s/Vw _ 8G/G

0T oT

) resulting in epitaxial layer
not fully depleted at V,,

Trade off:

— PDE (thickness)

-~ minimum gain (capacity) against
after-pulses and cross-talk

o‘)l - Siena - IDPA'OIB

O
O

Serra et. al. (FBK) IEEE TNS 58 (2011) 1233
“"Experimental and TCAD Study of Breakdown Voltage
Temperature Behavior in n+/p SiPMs”

Note: precise agreement simulation/data
is not trivial at all. Definition of ionization
coefficients is device dependent...

Lo L o e e I N (L I B RN RN R m—

TCAD simulations

-..q
=

— D—ao TEFi = EDIJTI"I

~ o= -0 '.|"Ep\i = 4. 5um {Device C)

=]
o

— & = TE|.-| = 2.5um (Device O)

nly TEpl = 1.5um

| Epitaxial doping: 1.35x10"“em™

.
o
|

Breakdown voltage (V)
n
=

w
o
|

| 1 | [ | I | 1 | 1 | 1
200 250 300 350 400 450

Temperature (K)

Fig. 9. TCAD simulated V' 5 in the GM-APDs of this work (see Table I) in an
extended temperature range. Two additional epitaxial layer thickness are con-
sidered ( 200 jim, 1.5 jim) to emphasize the impact of the depletion layer width

on the V' gp vs. temperature characteristic.
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= Improved V, , uniformity and T coefficient
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S1PM breakdown voliage (V)

35
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Recent FBK-Advansid devices

breakdown voltage non-uniformity
strongly reduced both at wafer level
and from wafer to wafer

breakdown voltage temperature dependence

L

o RGE Technolegy
g Original Technokopy

L 1

| AL IR L |

[T N T I

Bl mV L

=20

LI
Temperature (°C)

o 20 30 40

a0

1'| Calemlation
] L RGB-SiPM
. _|| dt — AR AT=TmVC T
P | b Origimal SiPM 1
2 5o b= Y TT AN AT=80mVEC
= |
= 'IE' -“~. Symbols: Experimental data
- . *
= 4% = I". o =
= T
(] B M .
'ﬂ,,_q_‘_
2% = il - P =
——— ‘r e
i ——0— g . :]
["Il}n_ | y | y | | | y | 3

0 1 2 3 4 5 &
Overvoltage (V)

C.Piemonte, Scuola Nazionale Rivelatori Legnaro 2013
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Pulse shape, Gain and Response

(mostly for passive mode)

- Detailed electrical model
- Pulse shape
- Gain and Gain fluctuation

- Response non-linearity

126



r Simple electrical model - ideal signal shape

1-exp(-t/1y)

G.Collazuol - Siena - IDPASC 2013

Diode (capacitor)

currents / external
and slow recharge
/W
charge stored defines Gain N [ 2.
— Gain ~ C AV a Vbd)i Cd__ __Q/bias
AV =V__-V, A "Over-Voltage” O g  m—
| Q R
d
i
IIatch ‘ """""""
/

Fall time (recovery)

< =
T, = RyCy

Gain - linear with AV (# APD)
- no intrinsic fluctuations !!! (# APD)
— independent of T at fixed AV (# APD)

Rise time T dependence (weak) due to R,

Recovery time T dependence (strong) due to R,
C, is independent of T
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[ Actual pulse shape and Gain

Waveform (Dark noise)

G.Collazuol - Siena - IDPASC 2013

NOTE: gain easily measured

‘ 0.0E+00

o I _ M—‘m'ﬂl‘ﬁ'ﬂ wﬂhwﬁmﬂwﬁ‘-% ﬂhm
| ) i
Pulse shape 0.1 AN j
! 2 i |
1. fast component <= 02 | W | a
(parasitic transient) - — l 1 double ‘
£ signal
2. slow component due to : N (optical \
(99% recovery time ~100ns) : :
. _ cross-talk)  single cell signal
©2 I single cell signal + 2 afterpulses
Charge Spectrum -G-ﬁlc-ﬂ? ] 1e-07F Ecl-':]? 3o-0O7 Ae-0F Ec.--!:? Se-07
Teme (=)
i illumination w/ LED _
“- 3pe excellent charge Gain
suuf_ \ resolytion _(few%) 2 E+06 - linear up to AV~5V
- — uniformity of — proper quenching
4001 2pe cell to cell respons 1.6E+06 -
3nui— \ - T=22°
- 1pe true single ph.e | 1205
200 N 3 y /
100_—0 p\? \/ PORRT Slope =
SIS 1/ | 4.0E+05 1 Cd+Cq ~ 80fF
uU 200 400 600 800 1000 1200 1400 15007ﬂ 2000 l

31

32 33 34 35 36
Bias Voltage (V)



| SiPM equivalent circuit and pulse shape

Single cell model - (R ||C,)+(R,[|C,)

1 | 1 |
. i ¥ 1
SiPM + load - (||Z ) ICyq + Zoae : B o !
: : 1 Rq § - : : :
. I 1 1
Slgnal = slow puISe (Td (rise), Lslow (fall)) + : : :N—l (N_l)cq I : !
1 | |
+ fast pulse (14 (rise), Trast (i) ! : ! l TG,

1
I I | [ |
1 | (N'I)C 11 |
*T4 (rise) Ry (Co+Co) : B d T T
®Trost ral) = Riad Cioe  (FASt; parasitic spike): — — L] !
*Toow ray = Ry (Cq+Cy) (slow; cell recovery) L e oarasitic
F.Corsi, et al. NIM A572 (2007) 416 micrgce" microcells “grid”

capacitance

S.Seifert et al. IEEE TNS 56 (2009) 3726 - - .
ererteta (2009) Cq - fast current supply path in the beginning of avalanche

L Sp.Charge Rd x Cd,q filtered by parasitic
V e Rise: Exponential inductance, stray C, ... (Low Pass)

e Fall: Sum of 2 exponentials: transient + recovery

x/’ 0 C, - R,u C, -

V )~ q . Trasr + Tstow
D i wrerr LW

where Q = AV (Cq+Cd) is the total charge released by the cell
- 'prompt’ charge on C_;is Q.= Q C /(C,+C))

<< Rqg

==
o
=
T

a

o
o

O 00

[ta)

[
= 0
o
©
M

R,= 400kQ

AV(Cd+Cq)

G.Collazuol - Siena - IDPASC 2013

Gain still well G = [ dt = 0lq, =
I I '_:'-;I — '.I.-'.:'EI | I'_I.:'-I'_:'I3 — defined: 9eNioad 9e
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r Pulse shape

V(t) -~ Q ( Cq er_fatst + Rload Cd e’c:,()tw) QRload Cq 1:__t Cd r_t

~ — e ast + e slow
Cq+Cd Ctot Rq Cq+Cd Cq+Cd(Tfast Tslow )

Note: valid for

low impedance load

~gain G = fdt—V(t) = Qlq, = AV(C+C,) independent Riog << Rq

qeRload ‘ qe Of Rq

® Tfast — RIoad Ctot

. Qslow Cd ® Tsiow — I:{q (Cq+Cd)
-~ charge ratio -

Qe C4 B

(Qfa.9t+Qslow dependent on R_
00t Tpase — Tstow © (increasing with 1/R.)

max

V - peak voltage on R __, Vipar ~ R

W15 C,= 10fF
C,=¢C,
[ C,= 10pF
::1:_| R = 400kQ
\ i yoe  C,C R
R = 500 . .
' “ - peak height ratio —"%~ ¢t

increasing with C, and 1/R,

max 2
V.filsf Cq R q

G.Collazuol - Siena - IDPASC 2013
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Pulse shape: dependence on Temperature

The two current components behave differently with Temperature

- fast component is independent of T because C_, couples to external R
— slow component is dependent on T because C,  couple to R (T)

U

" Sns

| s § & 1 1 °
s e vien vxge veay eteM 10,005 A B Nerdsmy] [ u :
o ?o.omyﬂ : 4 19,400 % ‘ ‘ ' 4

HPK MPPC
008 p
T= 785K

£ o006t
% 0.04 tail 25 ns
£ tail 210 ns
a
= 0.0
L

0.0

100 150
Time (ns)

(a}

200

250

E 004

E 003

S o.02
g 0.01

S poo

el e e e

4+

005

ceelieesioesoiocoM10.0NsS A Chd \-T2.4mV-
. 20.0mve:- . . “
: S e 30.20000s : =

load

H.Otono, et al. PD0O7

40ns - = g

o -EM10.0ns A Ch1 \~77.6mv-

20.0mve -
g g * 1439.20001s 3

_T:

TES K
205 K

high pass filter / shaping
- recover fast signals

00,520 o0 z0 40 60 B8O
Time (ne)
(b) HPK MPPC

Fig. 2. (a) Output signals from the MPPC when no high-pass filter is used, and (b} output signals
from the high-pass filter when two pulses were generated successively.

Akiba et al Optics Express 17 (2009) 16885
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r Pulse shape vs T

HPK MPPC: 25um, 50um, 100um

Ham—a500 —11908

Ham—G250 — 5

Hdin—100U—11, Valtdde step B

Adam Para at Light 2011

é Measurements by

G.Collazuol - Siena - IDPASC 2013
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r Single cell charge resolution

- Siena - IDPASC 2013

G.Collazuol

Device illuminated with short weak light pulses from a blue LED.
Device biased at 3V over-voltage.

Effective quenching and cell-to-cell uniformity !

1400

110 1200 M

1000 —4.8mV

800 T=10°C

Count

600

|
—

200

LU

0 10 20 30 40
Number of photns

NOTE: resolution limited by electronic noise

C.Piemonte, Workshop on "Photon Detection” - Perugia 2007 133



| . Gain and its Fluctuations

G.Collazuol - Siena - IDPASC 2013

2.0E+06
G=AV(C +Cd)/q | Slope -
q e
1 BE+06 - measurement
— Gain is linear if AV in quenching regime 1 of Cd+Cq

bUt 1.2E+06 ~
there are many sources for non-linearity of |
response (non proportionality)

Gain

8.0E+05 A

4 .0E+05

SiPM gain fluctuations (intrinsic) differ 0.0E+00 . . . .
in nature compared to APD where the 31 32 Bias Voltage (V) 3 %
statistical process of internal amplification

shows a characteristic fluctuations

SES MEPhI/PULSARAPD, U=57.5V,T=-28 C

< cell to cell
0G — 0 Vbd o 6qu uniformity (activemﬂm _
G I C area and volume) ﬂ fluctyations
/ bd dg  control at % level 0% ]
Ingiy)
. " . £ j+ 1A
e doping densities (Poisson): 5 100 R
8V,, = 0.3V S y;&;
Shockley, Sol. State Ele. 2 (1961) 35 10 § ATERLE
e doping, epitaxial, oxide (processing): ﬁ‘ b d te
5V, ~ 0(0.1V) 1 AL e
0 100 200 300 400 500
In addition 8G might be due to fluctuations in quenching time ch. ADC

... and of course after-pulses contribute too (not intrinsic - might be corrected) 134



= Improved V, , uniformity and T coefficient
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Recent FBK-Advansid devices

breakdown voltage non-uniformity
strongly reduced both at wafer level
and from wafer to wafer

breakdown voltage temperature dependence

L

o RGE Technolegy
g Original Technokopy

L 1

| AL IR L |

[T N T I

Bl mV L

=20

LI
Temperature (°C)

o 20 30 40

a0

1'| Calemlation
] L RGB-SiPM
. _|| dt — AR AT=TmVC T
P | b Origimal SiPM 1
2 5o b= Y TT AN AT=80mVEC
= |
= 'IE' -“~. Symbols: Experimental data
- . *
= 4% = I". o =
= T
(] B M .
'ﬂ,,_q_‘_
2% = il - P =
——— ‘r e
i ——0— g . :]
["Il}n_ | y | y | | | y | 3

0 1 2 3 4 5 &
Overvoltage (V)

C.Piemonte, Scuola Nazionale Rivelatori Legnaro 2013
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Note:

1) no multiplication (excess) noise in SER

2) SER width due to intrinsic fluctuations in
doping densities and variations among cells

3) Correlated noise is there (AP, CT)
— excess charge factor (ECF)
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B Response Non-Linearity
|

G.Collazuol - Siena - IDPASC 2013

Non-proportionality of charge output w.r.t.
number of photons (i.e. response) at level of
several % might show up even in quenching
regime (negligible quenching time), depending
on AV and on the intensity and duration of the
light pulse.

Main sources are:

e finite number of pixels

e finite recovery time w.r.t. pulse duration
e after-pulses, cross-talk

e drop of AV during the light pulse

due to relevant signal current on

(large) series resistances (eg ballast)

T.van Dam IEEE TNS 57 (2010) 2254 ./

Detailed model to estimate non-lin. corrections

Finite number of cells is main contribution in
case number of photons ~ O(number of cells)
(dynamic range not adequate to application)

My, PDE)
— L
- saturation e = Ha \1—¢

— loss of energy resolution

see Stoykov et al JINST 2 PO6500 and
Vinogradov et al IEEE NSS 2009 N28-3

Relative gain nonproportionality

Gain (a.u.)
R
|

-

Scintillation light pulse
+ =« — - Fast light pulse

Photonflux (a.u.)

Time (a.u.)

0.98 -
0.96
0.94
0.92

09
0.88
0.86

0.84

—a— etector1

—a&— Detector2 |

20 40 60 80 100 120

Number of emitted photons (10?)
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_r Dynamic range and non-linearity

G.Collazuol - Siena - IDPASC 2013

K type (1024 pixels)

analog SiPM output = 100 4 | FE 52
sum of binary cell's output s e | I~
7 5 SiPMs | Gii—® |
i | \\@ * | Saturation
.. | ¢ |
- Due to finite number of il M
. - - == O\ [
cells - signal saturation g ,@0 .? |
E OQO ,° |
X
i Q 't. - JI.
* Correction possible BUT
_)degraded resolution 0'10,1 - 1 : .......1,0 ' ......1.:“ . ......'::m - 'umo

Number of photoslectrons

N -PDE
___photon eg: 20% deviation from linearity
A= N gredeenis = Nioar -(1—€ Niow Y if 50% of cells respond
=) Best working conditions: N <N

photo-electrons SiPM cells

Additional complications:
1) need correction to N _. . due to cross-talk and after-pulse

2) effective dynamic range depends on recovery time and time scale of signal burst
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T T T T T T T ]
“’"IZ— =
W 100 —
L .
n o E
B L ]
Z ]
g [ == Data 1
~ [0 Simulation i
] “':_ — After-puises ]
e — — Cross-talk g
2% — Dark-rate |
Excess noise [
R | i | | T H————
:nl— ' ' _
15 —]
* 10 —
K00 1000 1500 2000 2500 S000 3500
N,
12 L DL L R L L DL L L G NN LN N NN L
N —=— Data
— i 0 Simulation
1o High Uﬂiﬂs — After-pulses
~ — Cross-talk
8 —— Dark-rate

Excess noise
I
f

=
IT

Resolution a, _[# Pixels]
LI ? 11

EEEn__r 5

o

]
[=]

8
g
Bl
g
.

Amplitude fluctuations

finite number of pixels: constraint
— limit in resolving the number of
photons

Eckert et al, Procs. of PhotoDet 2012

B | L D D LI NN L NN NN N N LN S
5 —— Data H
L High V.. I Simulation H
Z 15 g Bias —— After-pulses 5
3 — Cross-talk N
E 14 —— Dark-rate H
& 1. Excess noise
=3 —]
] =
g =
E o0 =
E 0.6 —
.E -
e 04 =
02— W, —
o . I ) : .:“..-I_-:--.....T”:".“."."."I"."T_.":'I".":“."."Ir_
80 —
“ —
T / .
20 —
4000 1500  Zooo 2500 5000 Eﬁ

 /7PDE,CT, AP

7 Ny D)

see also Musienko et al JINST 2 2007 P0600
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" Calibration caveat T Y
|

LED PMT Response curves taken with
o various width of LED light pulses.
‘ wW l IF[H (gate width = 100 ns)

/N

——

S
’(ID\ a ~
S 6000 w = 50.'150 _és
X . '©
& e 8 24 ns - GC)
S 4000 ot =
S o te ’ -
3 8 *° 16 ns 2
O ns c
&:go(()) o Vyoo =710V 2
o Vi =715V 8
= . vzias =720V g
0 5000 10000 0 5000 10000
Light input (photoelectrons) Light input (photoelectrons)

e Dynamic range is enhanced with longer light pulse

e Time structure of the light pulse gives large effects in non-linear region.
e No significant influence with changing bias voltage.

e Knowing time structure of scintillator/WLS light signal is crucial

G.Collazuol - Siena - IDPASC 2013
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[ High dynamic range new SiPMs

Latest MPPC tiny cell by Hamamatsu

Different types available or g
In preparation:

e tiny cells (» 15um)
- HPK, FBK-Advansid(*), NDL, MPI-LL

(*) fill factor - 50% !!!

e
i
e

20 ns

e micro cells (» um) ]
- Zecotek, AmpliticationTechn. 20 um cell pitch

SIPMS NDL (BeJung) E 2000 SiPM-1, 2|5'Dl] cells, U=26.5 V, Y11 light, Gate=100 ns
012 E -=|deal linearity line
N Zhang et al NIM A621 (2010) 116 5 2500 + SiPM response
é Han at NDIP 2011 E 2000 /
o = T
2 e type: n-on-p, Bulk Rq 3 g 1500 -
Ig ¢ high cell density (10000/mm?) = 1000 ~°
o e fast recovery (5ns) I
) e’ - 500
u_.) e [ow gain ra(|:|1yr;amlc % / Measurements by Y.Musienko
S e better 19 & 0
R timing -~ less after-pulsing 0 500 1000 1500 2000 2500
3 — less cross-talk N, xPDE
o -~ radiation hardness
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G.Collazuol

Noise sources:

Dark counts

Afte - pu |S| ng\ carriers can be trapped during

Cross-Talk

“optica

III

pulses triggered by non-photo-generated
‘carriers (thermal / tunneling

generation in the bulk or in the surface
depleted region around the junction)

an avalanche and then released
triggering another avalanche

photo-generation during the avalanche discharge.
Some of the photons can be absorbed in the
adjacent cell possibly triggering new discharges
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Dark Count Rate

6
2.5x10 1 ® Photonique 43um
i ¥ FBK-irst/l run 40pm
. A  FBK-irst/ll run 40pm
7 SensL 20um
N 2.0 o S SensL 35um
0T i X SensL 50pm
—~— _ B HPK 25um
<@ . = HPK 50um
© 157 -« HrPkioopm
- ]
- i
g i
i ]
h -
© ]
0 0.5-

N.Dinu et al. NIM A (2008)
Electro-optical characterization

---------------------------------------- of -SiPM:-a-comparative-study

AVINgp (%)

e DCR - linear dependence due to P,, « AV (- same as PDE vs AV)

— non-linear at high AV due to cross-talk and after-pulsing - « AV?
e DCR scales with active surface (not with volume: high field region dominating)
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eDCR - linear dependence due to P, « AV (- same as PDE vs AV)

-r D a rk CO u n t Ra te - non-linear at high AV due to cross-talk and after-pulsing - « AV?

e DCR scales with active surface (not with volume: high field region)

KETEK PM 3350 (p*-on-n, shallow junction) Critical issues:
3x3mm? active area pixel size 50x50 pm? e quality of epitaxial layer
- CETEKR e gettering techniques
E 1000 e Electric field engineering
g J ~ Exelitas 1% generation SiPM 2011
< -l (pt-on-n) 1x1mm?
5 7 1000
O / 5] ¢ 100um,GE=74% ¢ 100um, GE =52%
x C ; )
K ‘é 800 | ®m50um,GE=51% 0O50um,GE=39%
% 0 g e ot | 2 25 um, GE =29%
100 ! ! . O Tlrench Ty,fpe I—-Flt | — 3 600 —
0 10 20 30 40 50 g . o
g / Relative Overvoltage [%)] £ 400 i -
~N g $%° EID
O ~ j —_ L 4
3 Vog~ 25V F.Wiest - AIDA 2012 at DESY 8 onn®foC
o = ’Mﬂﬂuu :
9. T . 0.:-" | Exelitas
g Lateﬁt Id-lan;?)rllw:tsu dezvices 0 5 10 15
I reachead ~ z/mm / Over Voltage (V)
o
E HPK claiming for additional Voo ~ 140V p Berard - NDIP 2011
S improvements coming
©  (HPK at LIGHT 2011) ”



r Dark Count Rate

dSiPM

Control over individual SPADs enables detailed device characterization

SPAD Dark Count Rate Distribution

1 s ||-

= |=—T=s207C |] | |I
0g ——Tadt |

- |—T=-20C

os L — T=-40°C ||

or — | f

ne — |

0.3 : r
04 — r

= I
03— i
02 - { {

N LL-'_R.WJ _—

10° 10*
Dark Count Rate (cps)

* Over 90% good diodes (dark count rate close to average)

* Typical dark count rate at 20°C and 3.3V excess voltage: ~150cps / diode

* Low dark counts (~1-2cps) per diode at -40°C
T.Frach at NDIP 2011

G.Collazuol - Siena - IDPASC 2013
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G.Collazuol

Dark current vs T sources of DCR

contribution to DCR
from diffusion of minority
carriers negligible below 350K

region (no whole depletion region)

Noise mainly comes from the high E Field

¥ 1) Generation/Recombination
SRH noise (enhanced by

H » trap assisted tunnelin
= FBK devices . P 9)
3 § _E
10 v Loerce ~T15 exp act
. ' CB Conventional KBT
. constant AV . SRH positive T
102 A o AV=5V . oy, = coefficient
o AV_3V ® VB it tunneling
. s
10 8 ® AV=]V
o E
i G
X
!
2) Band-to-band Tunneling
y noise (strong dependence on
0 o the Electric field profile)
i
Py CB
2 negative T
10 : : : : | coefficient
50 100 150 200 250 300
x10 x1000 I (K)
- S - o el =, v

Tunneling noise dominating for T<200K
(sharp high E field region - higher noise)

Efield engineering is
crucial for min. DCR
(esp. atlow T)

center

VB
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pmDark Count Rate vs T (constant AV)

g v C ) V ! ! - Measurement of
1 . o 10°% av = 1.5 5 | counting rate of =1p.e.
= 10° S S at fixed AV=1.5V
E e = é"; (- constant gain)
| Q
= o S 197 L -
L'.:‘: _ L f -
L 2
10° ) 5. \ DCR~T1'5expE
. I0 4 - - ZKBT
| -
* 2, Activation energy E_,~0.72eV
L L
. o 103 /\\><f_. . Note: E,, should be ~ E_ but
¢ . ® tunneling makes effective gap
| . \ smaller

. 50 100 150 200 250 300 350 Additional structure

. ‘e, TR carriers freeze-out (?)
.“j I -| . .
; . (carrier collection losses at
‘. very low T due to ionized
‘ - . - -
: . . impurities acting as shallow
FBK devices ¢ traps - drop in PDE)

i | |
4 6 8 10 12 14

IT(K") x10

G.C. et al NIM A628 (2011) 389
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r Dark Count Rate vs T

; ; : : : Hamamatsu
L l— A | (100um pixels)

10 e i
107 E E
0f N

dark rate [Hz)

e 78O K

>
—
g--|.|

00 02 04 06 08 10 12
Overvoltage (V)

Comprehensive MPPC )\ \ipo et af Optics Express 17 (2009) 16885

characterization at low T

i * 205K
»H]-‘ . 1 . ..... "a ®
I P OB E .
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- 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I % i
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A J.Csathy et al NIM A 654 (2011) 225 < | \
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N
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_r After-Pulsing Carrier trapping and delayed release

cB o
\m () = pORYT o e Few % level
Deep It + at afterpulsing c T 01 \\7/ at 300K

»

avalanche triggering probability
\ « AV(t)
VB

1 : trap lifetime
depends on trap level position

quadratic
dependence

P_: trap capture probability v
on A

« carrier flux (current) during avalanche « AV

« N traps Temperature (°C) -
ot | | 20 0 -20 x
o experimental data - ' " ' ~ ~
fit —— 104 - —
fast ] a
= _ ...l \components ; | @
~ = ) ©  105F 4 ©
) 7 © ; ] S
2 S = : 1 8=
5 E o slow £ el Jd R
a o107 | 1 3 = . C
, components : i <G
c : - ] o5&
2 107 - c>> Q
) 3k . . . . ) . E 3 ~
' 10T Se-08 1807 1.5e-07  2e-07  2.5e-07  2e-07 3 x 10‘3:; 3' = A ;5 U E;
g [ Delay (s) '1000” (K'1} \ : U)
('B' Fig. 10. Spectrum of the delay time from the primary pulse to the after-pulse. not trivial
S Only partially sensitive to after-pulsing during recovery % dependence on T
©)

ie recovery hides After-pulses (does not cancel them) 149



» After-Pulses vs T (constant AV)
|

G.Collazuol - Siena - IDPASC 2013

PAP

T<100K: additional trapping centers
activated possibly (?) related to onset

0.5

0.4

Measurement by waveform analysis:

AV = 1.5V - trigger on single carrier pulses (with no preceding pulses
T within At=5us), count subsequent pulses within At=5us
'FBK devices (find the after-pulsing rate r,,)

i - Subtract dark count contribution
S e - extract after-pulsing probability P,,

| corrected for after-pulsing cascade c};f}**P _ Tup
T+,

e Few % at room T
e ~constant down to ~120K

T decreasing: increase of
characteristic time constants

0.] o ............................ ............................. ..... of traps (Ttraps) compensated
: by increasing cell recovery
4 B e i i B S " time (R))

1 1 | | | | | | 1 I 1 1 1 1 I | | | | | | | 1 1 | 1
ﬂjﬂ / 100 150 200 250 300
T(K)

e several % below 100K

— Analysis of life-time evolution vs T
of the various traps (at least 3 types at T

room)

of carriers freeze-out G.C. et al NIM A628 (2011) 389
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r Optical cross-talk

G.Collazuol - Siena - IDPASC 2013

Avalanche luminescence (NIR)

Carriers' luminescence (spontaneous direct
relaxation in the conduction band) during
the avalanche: probability 3.10 per carrier
to emit photons with E> 1.14 eV

A.Lacaita et al. IEEE TED (1993)

"Jhi;._- .

Photons can induce avalanches in neighboring cells.
Depends on distance between high-field regions

AV? dependence on over-voltage: i e | | & |
e carrier flux (current).during avalanche « AV N.Otte, SNIC 2006
e gain « AV
p+ (/1/-'\\ (\f\’,
Counteract:

* optical isolation between cells
by trenches filled with opaque material
* |ow over-voltage operation helps

It can be reduced to a level below % in a wide AV range
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r Optical cross-talk:reflections from the bottom

G.Collazuol - Siena - IDPASC 2013

Measured Emission spectrum

1.0

0.8

0.6

SPAD A : SPAD B
N, ,f_{f
/_r.'

100

PDE

101

102

PDE

103

104

700
Wavelength [nm]

800

isolation

900 1000 1100 1200 10

_ (<100nm)

A.Ingargiola — NDIPO8

:100 500 600 700 800 900 1000 1100 1200 1300

Wavelength [nm]

Rech et al Proc. of SPIE Vol. 6771 677111-1

(2) Main component due to

total reflection internal from

the bottom (substrate)

\\_‘\ f
\‘\\\‘\ /’ i/
.'].\‘\\ 1 f}j III‘.-r
| /'
\\\ \‘\ | ,r;/r 'llll 4(
\.\ \ | .n"f .l"l-r
SiSubstrate \ N,/ /
\ _ \\:// J J.-"
[ = - — f ]
Air I

metal sheet

(3) Isolation implants
are sufficient to stop
direct component

o [em-1]

Silicon absorption coefficients:

Wavelength [nm]|

— Crosstalk can’t be eliminated simply by means of trenches
— Main contribution to crosstalk comes from bottom reflections (using trenches)

1 (1) Cross-talk due
1 to narrow A range
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2

G.Collazuol - Siena - IDPASC 2013

Reflections and “external” cross-talk

Outer reflective surface (active material, scintillator, ...)

detector back side

Additional components:
- reflections of avalanche photons on external surfaces
- delayed avalanches (see also F.Retiere Procs. of PhotoDet 2012)
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Questions: - how to measure SiPM noise ?
- how to disentagle its components ?

G.Collazuol - Siena - IDPASC 2013
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_r How to measure SiPM noise components

0.08
0.08 -
0.07

. Signal |
YVE Mgl filtered |

ms-lon ‘
d to reduce

waveforms il HEGaR
pLﬂSE 802 — _

length

¥

- time delay array
~ amplitude array

155

Qriginal signa 1

0.0d4
0.0% -

Ampliude (V)

G.Collazuol - Siena - IDPASC 2013

C.Piemonte - Scuola Nazionale Rivelatori LNL 2013



r How to measure SiPM noise components

G.Collazuol - Siena - IDPASC 2013

3
) " ] dipect cross-talk
8 2 e - IR e g SR
7 " - .=_.' rf::'i'&_—;ﬂ_‘H?"
E ar = - .':I"‘::l o :.i..‘.' .."'.'
@ dlayad S T ama E
E cross-talk P S
S 1| e 3
E n primary dark counts
after-pulse
J 9 ' A ' 7 ' g ' 5 4
1x10 1x10 x10 1x10° 1x10° 1510
110 e
primary events
al dalayad _
W10% | gy AMEr-pulss
£
2
O
1102 | t
t
g !
1x10' S ' ' bl i
%10 110" PRl 1x107° 1310~ 1x10™

C.Piemonte - Scuola Nazionale Rivelatori LNL 2013

Time distance (5)

Armplitude (fired cells)

3 ’
) cumulative histogram
1 . —#»
; pulse amplitude histogram
0 IZII - 1I o E'I - :1I - -1I o "-I - ]
1107 I0° 10 100 k100 xi0 1x10

Rate (H)

- primary dark rate (DCR)
—> direct cross-talk

- delayed correlated components
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- IDPASC 2013

G.Collazuol - Siena

Photo-Detection Efficiency - PDE
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absorption length (um)

g PDE = QE - P~ FF

uol - Siena - IDPASC 2013

G.Cc

QE: carrier Photo-generation

probability for a photon to generate a
carrier that reaches the high field region

-2 and T dependent
- AV independent if full depletion at V_,

P,, : avalanche triggering
probability

probability for a carrier traversing the
high-field to generate the avalanche

- X, T and AV dependent

FF: geometrical Fill Factor

Currant [mA)]

fraction of dead area due to structures between

the cells, eg. guard rings, trenches

- moderate AV dependence (cell edges)

0%
e 5
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r i

Lo i
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= QE factors

G.Collazuol - Siena - IDPASC 2013

1

optical T,A,R of the entrance window 'n_: 0.4
(SiO, /Si,N, dielectric on top of Si) 0.2

— angular and polarization dependence 0

R,T,A coeff.
< 06 in SiO,
(example:
30nm SiO,
on Si layer)
10 100 1000

Wavelength /nm

carrier recombination loss: collection efficiency (CE) front, depl. region, back

¢ ®

o

S

O}

fu

)

2

'S T

©
N

internal quantum
efficiency: prob. to
photo-generate an
e-h pair ~ E_hoton
(above threshold)

Internal spectral
quantum efficiency

—_ [N
o ;o = O MO W
T T T T T T I T

o

& ¢ 5z

208 E o

= o o

506 | 1

S04 F : g 01

0 - 5]

D02 F @ S=10 [emVs]

[=] u o

© ot © 0.01

. 10 100 1000 10 100 1000
(@) Wavelength /nm (b) Wavelength /nm

- front region critical for 60nm < A < 400nm
- CE depends on surface recombination velocity S.

- freeze-out at low T

Commercial devices PDE - 0 in VUV due to:

(d)

£ g/eV: Pair creation ener

2) reflectivity of Oxide/Nitride layers
3) insensitive top layer (p+ layer with E._, ~0 )

4) high reflectivity for VUV on Si surface

| é‘l - - - 0
Bhoton enerav/eV 6) superficial recombination

1) protection coating (epoxy resin/silicon rubber)

5) absorption length in Si VUV photon: a few nm
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G.Collazuol - Siena - IDPASC 2013

QE - PDE dependence on wavelength A

FBK single diode (2006) photo-voltaic regime (V__~ 0 V)
100 7 :
Z / / 7 ?y’&%w%% <
90 % BN e
£ A — ‘
) /% % 7
= 70 // / v’b“'&,a
S 60 Q’“.
% * o Q‘A‘A
* 7, S
40 — — Simu ARC Q’a,T
30 ,
300 400 500 600 700 800
W aselength (nm)
limited by limited by the
ARC Transmittance small = layer thickness
&
Superficial

Recombination

Most critical issue for Deep UV SiPM
note: reduced superficial recombination
in n-on-p wrt p-on-n
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_r Trigger prob. P,, ~» PDE depends on A and AV

! P, dependence on position | E+06 1E+02
' MAX
n+ | p P,
—TE+01 +
E
- 8.E+05 F1Ev00
E 1E-01 o
g
P 0.6 +— — - 6.E+05 ’é‘“ 8 1E.02
= S
o = 1E-03 ! ! i i i
e = + + + + + + +
a L 4 E+05 L?_;’ 1E+05 ZE+05 3E O5Eﬁ:E (?ﬁcm) SE+05 GE+05 TE+0DS
[onization rate in Silicon
- 2.E+05
Example with constant high-field:
ves0o (@) only holes trigger the avalanche
(b) both electrons and holes trigger
(c<n|y electrons trigger
100 _
* 1.5V overvoltage
08"‘[‘ - > = 90 7 4 2.0V overvolthge
012 \ \ ...." = 80 A 2.5V overvoltage
() 07 ----‘-\--."’ ----------------------------------- E 70 4 & 3.0V overvoltage
N E | \ .0"\ = 3.5V overvoltag
(L/)) %‘ 06T-f- g, Satiaien JEEELS S R S S ; 00 71w 4y )V overvoltage
Y X = o
% £ 05 '(l lactnc fiald ~~ """ """""""°~ _jaﬁ 50
= E \ g 40 o
| BUR B i E C 8
(o] F ~ ﬁ 30 ] u“
c T Tt et . o
9 ; 450nm 20 et
n 024-Fb--M___420nm __p N o oo____ i 10 -
1 \ - :
e \o
S 0.1+-FF---400nm - ------ e e T 0 T ; T T '
N ~ ‘ .
il —— 300 400 500 600 700 800
(=U O-J T . A — i _-_F_.-_-
8 0 0.2 04 08 0.8 wavelengths (nm)
U] depth (um)
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AV
[ PDE vs

G.Collazuol - Siena - IDPASC 2013

Ionization rate in Silicon

=1E+01

"7 1E+00 |

-
m
(=

lonization Rates (1/um)

-
m
]
(]

1E-03

1 } } } } —~
1E+05  ZE+05  3E+05  4E+05  5E+05  6E+05  TE+05 \O
) ) o
E field (W/ecm) ~
L
A &
o O
ek 2
4
L LLI
>
depth

A

depth
E field profile - the slope of PDE vs AV

35

30

25

20

15

0

S

0

P,, optimization
1E+02 T . . . , (n_on_p)

p-on-n structure

electrond

hole4

e high over-voltage
e photo-generation in the

p-side of the junction

D+

==

note: P, fixes also the slope of DCR vs AV - working range

n-on-p

structure

n+

hole injection electro
dominating
gelectron
_ injection
DATA dominating
/‘//
////
/‘//
A~ FBK 500nm
2 4 6 10 12 14
AV/V (%)
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= Improving PDE by E field engineering

0% T ! ! ! |
L Solid-Closed: 560 nm - Latest “"RGB”
Dashed-Open: 400 nm FBK devices
30% |- ‘ — |
vs older devices
)
o 20% —
-l
10% |- —
[ 50 pm cell |
0% I R N I A N N
m 0 1 2 3 4 5 6 7
o
(@]
O Overvoltage (V)
% N.Serra et al Table 1. Main properties of the fabricated RGB-S1PMs.
&) JINST 8 (2013) P03019 :
| FBK n-on-p RGB-51PMs.
c SiPMsize (mm?) 1x1.3x3 4x4 Gam [V 4.10°
'(? Cell pitch (m) 25-50-70-100 R quenching (at 20°C) 500 k€2
S Fill-factor (%) 21-45-58-72 Cell capacitance (1) 170 fF
-] . . 1
N Vap (at 20°C) 285V Rise time (D(2) 5.6 ns
S Dark count rate (1) 480 kHz Recovery time (12) 350 ns
O

(13 13 1 mm?® SiPM, 50 pum cell at 20°C, OV=4 V: (2) Single-cell pulse, see figure 2. 163



»

G.Collazuol - Siena - IDPASC 2013

Question: how to measure PDE

Example of experimental setup
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r Measuring PDE - pulsed/continuous light

G.Collazuol - Siena - IDPASC 2013

Source halogene
(100W)

a1

Monochromatenur
350-800mm

405, 470, 635 nm

T

‘ Pilas laser diodes

Banc optique / boite noire

CCD camerz

Eeithley

X
P00 Multimeter 2000

Eeithley 2612

Vi, & PicoA

GPIB

TDS 5054

500MHz, 5GS/s

1

Pulse generator

L3

table tramslation 3D
(6 ym 15101 )

LabView

T

RS5232

Laser diode driver I

N.Dinu ¥, Puill, V. Chaumat, J.F, Vagnuceci, C. Bazin

= Continuous light: PDE vs A (350-800nm):

= low incident flux (~ 107 incident photons /s/mm?) — to avoid the SiPM saturation
= calibrated photodiodes (HPK S3590-18. UDT Instrument 221)

= the number of the photons recorded by the S1PM — evaluated by two methods:
» DC method & AC counting methods

= Pulsed light: PDE, timing resolution, non-linearity
» the number of the incident photons — evaluated with a PMT (HPK R614-00U)
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PDE(%)

N.Dinu et al. NIM A (2008)

16 ~& Photonique 43um; AV~1.4V: AVN/5,~9%
i a) —¥— FBK-irst/l run 40pm; AV~4V; AV g~12%
14 N —A— FBK-irst/Il run 40pm; AV~3.5V; AVIN g ~12%
| SenslL 20um; AV~3.7V; AVIV~13%
1 2 ] SensL 35um; AV~3.7V; AV g ~13%
i —X— SensL 50pm; AV~3.7V; AVIVg~13%
10+
8 _|
6 _|
4-
2 _|
1 E
0- :
50 -
1 b) —- HPK 25pm; AV~3.4 V; AVIV g ~5%
J = HPK 50pm; AV~1.1V; AVIV L ~2%
1 —&— HPK 100pm; AV~1.4V; AV, ~2%
40 -
. The errors on PDE measurements
30 — are estimated at ~10%

I6C|)OI I7C|)0I I8C|)OI
A (nm)
Fig. 5a) The PDE vs. A of the Photonique,

FRK-irst and Senscl devires and hY HPK

e e
400 500

PDE VS A
(shape)

n-on-p structures

n+

i

holes §
electrons1

p-on-n structure

p-+

electronsil n |
holes1

Note: geometrical fill factor included
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— PDE peak constantly improving

- Improving PDE

G.Collazuol - Siena - IDPASC 2013

Barlow - LIGHT 2011
PDEvs A lmm-50 um-GE=51% @ 50OV

40 Excelitas | & Monochromator Data
35 % | m Laser Data
30 vt
E 25 * "‘"
w20 +
E 15 *
. *s
12 FF~50% T
D L

300 400 500 600 700 8OO  S00

Wavelength (nm)

Photon Detection Efficiency

i B I I I I
= FV =25V AV=3.3V
e bd
% 501 I —— Misazuremant
= - —— Average PDE
:Eé 400
g :m: IR
5 i
E ED: i'!'||ll rl |ll'|
- v M
10 lrﬁm
ﬂ:l.ﬂ-f L L L L L L L L L 1 1 1 L L L L 11 L 1 leblr-‘-lkl’=~
300 400 500 L T00 B0 Q00
A [mm]

T.Frach 2012 JINST 7 C01112

for many devices

— every manufacturer shape PDE
for matching target applications

-~ UV SiPM eg from MePhi/Excelitas
(see E.Popova at NDIP 2011)

-~ VUV SiPMs in development too

F.Wiest — AIDA 2012 at DESY

andard Technology Type

80 | KETEK
70 4310 Vee—— A~V
o il vt
T 50 l B8 %HH S —
g * gﬁ | IH}P{ L]
0 30 [ —1 }{}:}1 |
o | FFv60% | [t
Active Area: 1.0 mmx 1.0.mm Hi#*ﬂﬁﬁiii
Cell Pitch: 50 pm
0

350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

dSiPM (latest sensor 2011)

— up to now no optical stack optimization

- no anti-reflecting coating

— potential improvement up to 60% peak PDE

(Y.Haemish at AIDA 2012) (67



Higher PDE and lower noise

D.Renker JINST 5 2010 P01001

PDE (%)

3500 :
devices e MEPhI/Pulsar
= 3000 in 2809 A CPTA/Photonique
£  XFBK
_E_ 2500 ° ¢ Zecotek
X 2000 B Hamamatsu
N @ AA
A
i 1500 ° =3 A
. 1000 A oxw
Z oy x X* ' m
< 500 o Xb s
a + £
0 ¢
0 10 20 30
PDE [%]
IOT E I | I | 1 | | | | |Q |_ 2
= C—O RGB-S1PM i
~ DO Original SiPM ; 118
6 i d) |
2 10°F 16
= | 14 2
w0’ 3 d 12
i ._ .
e s 10 15 20 25 30 33

(_—g 700
-».'% & EXCELITAS C30742-33-050 1
é 600 (vervoltage runge IV - 13V
—
R * KETEK PM3350 wWirench !
8 500 (vervoliage range 1.5V - 75V
o HAMAMATSU 10362-33-050C t/
400 - vervoliage range 03V - 1.1V |/ i
A F
]
Common features: ;’ e
300 Ix3 mm?2 f/;,
Sthon cells S
Jill factor (L6 _/’
200 |- -
100 |-
0

0 5 10 I1s 20 25 30 35

G.Collazuol from published data

Serra et al (FBK) JINST 8 2013 P03019
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[ VUV SiPM - development

G.Collazuol - Siena - IDPASC 2013

Without Resin

25‘}3’—y—r
Yy A

== VUV improved MPPC
20% === STD MPPC

VUV-enhanced SiPM

15%

PDE

10%

- removal of protection coating
— optimization of the parameters
- thinner junction
- optimized superficial layer optics

|
5% :

f | |

| L1 I

0% | | |

& New windows for applications in

| fundamental Physics experiments

155
165
175
188

wave length (nm)

» Dark matter detection
ZEPLIN, LUX, DARWIN, XENON100
* Double beta decay measurement

Sato et al (Hamamatsu) - Vienna Conf. on Instr. 2013

EXO

= Search for rare decay mode
MEG B
FBK - Advansid Pt % OF 1x1mm? 50x50 pm? cell s
NUV-SiPM (Near-UV SiPM) LA _.
PDE (350nm) ~ 27 % L
o nm) ~ () = - = DO
(FF = 45 %) e
W : 20°C~ e
E i W‘f o = =
i ‘; LE+0 b o5 WL i
e DCR = 200 kHz @ 20°C ] e - =
(AV = 5V) e E
350 400 &%) 500 S50 RO G650 VOO 7SO LE+(3
Wawvelength [nm) i} 1 2 3 1 5 b

See lecture by A.Ferri at IDPASC 2013

Crear-waltage (V|
C. Piemonte, private communication 9



| PDE vs Temperature (AV constant)

G.C. et al NIM A628 (2011) 389

Q 1.75 — [ |
as FBK devi
QQ_ "% Halogen lamp (CW) evices
(]>_) E I s ® 400 nm
SO . A e 500n
L= o
Qq:_) E P ® S00nm
o | yd N
125 | /. Normalization
| L. e to PDE (room T)
- . .
!I' |
[ L J
[ ]
& L ]
[ ]
[ »
0.75 | .
. . ®
[
1 L} [ ]
0.5 -
lines are for
. eye guide
L | |
0.23 50 100 150 200 250 300
| freeze-out (3) Tl

G.C

?7?? interplay between (1) and (2): modulation

When T decreases: 1) silicon E., increasing

— larger attenuation length
— lower QE (for larger 1)

2) mobility increasing
— larger impact ionization
- larger trigg. avalanche P,

3) carriers freeze-out
onset below 120K
— loss of carriers

... drop in 250<T<300 not well understood
(common feature with APDs")

Relative Efficiency (%)

RMD APD at 400nm < A < 700nm
Johnson et al, IEEE NSS 2009

110 T
1004 III
90
804
704
50 ' 2”500 mm
1
50 !

| —a&— G500 nm
404 T freeze out” . 700 nm ]

304

0 50 100 150 200 250 300
Temperature (K)

Additional effects in APD
(depletion region depends on T, ...)
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_r PDE vs Temperature (AV=2V) — LED and Laser

G.Collazuol - Siena - IDPASC 2013

Relative PDE

PDE dependence on T at constant gain:

similar results with LED (cont. light - 380nm)

and Laser (pulsed light - 405nm)

2 T

=~
Co

LED (not pulsed) —

L6
L4 | .

12 .

PDE(T) / PDE(297K)

0.8 [ B
0.6
0.4

0.2

50 100 150 200 250

300

T (K)

PDE (T) = ]SiPM (T) /ILED
Normalization with PDE at T=297K

Some common features
with APDs (proportional mode)

100, 0% }
a0.0%1 -{
LU so00%d i i
G T0.0%4 ri { h {
g 60.0%1 :
= 50.0%1 J
m [ 14
E 40 0% £
i Ao { i APD at unity gain
il b Red LED light
HEO%Y § Yang et al. NIMA 508, 388 (2003)
wr 50 100 150 200 250 300
Temperature (K}
APD at 400nm < A < 700nm
Johnson et al, IEEE NSS 2009
‘I ‘ID T I T T T T T
_ oo lIOI! II ; I i
£ gp] ! 7
g 90 I
& 804 ]
(]
p 60- : —e— 400 nm ]
= 50 1 —=— 500 nm
3 | | ! —a—600nm |
o 40 Tifreezeout” . _700nm -
30

0 50 100 150 200 250 300

Temperature (K)

Additional effects in APD
(depletion region depends on T, ...)
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PDE dependences, changing with Temperature

*

b
in

PDE w1
()

1.5

0.5 +

G.Collazuol - Siena - IDPA

PDE vs A (AV constant)

295K

150 K

55K

W

PDE spectrum
at low T peaks at
shorter A
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_r Understanding PDE vs T: 1D model

I..E ]"-}5 L T T T L F T T L

- A— —— E=5.3X10° Viem
5 b T .

= . .-_.--""--\. ]
5 1.6 10° ——————— e T 3
E . I T :
g - ' ]
E1410° [ E=50X10° Viem — —I\ ’
: : i ; Breakdown voltage
21310° | ]
- S T WO SO N TR R R | 1

12105 B
0 50 100 150 200 250 300

Temperature, T [K]

> .

Avalanche triggering probability

FIGURE 1.43. The impact ionization rate x as a function of temperature T', with fO re I ectrons an d h (0] I es ( Ptri ere, Ptri erh )
the electric field E as a parameter calculated from Okuto and Crowell's (85) 99 99

model. (using differential equations method after
E field profile + / \ Oldham et al, IEEE TNS 19 (1972) 1056)

+ impact ionizatio 10 _ _ AV=8V

. : : ' AV=4V
QJ r . . . - . .
Sy :

" 1506 T osl : : : ; ; AV=2V

8 . -.. ___________________ | €406 Q ) _- : ...... ............. ............. .............

~ o Pt I : : : :
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Q3o R e nEt e s 65405 § g : - A :

=3 \ 3 : : ; ; - AV=0.5V

! E A gl —oim! “glectncfield TTTTTTTTTTTTTTTTT 5205 =2 ﬂ‘.{ . % A A D e :

o E : L] L : : : : : :

=N 70 ¥ G N W 'V —— 42405 5

alF v [

. O3 1-%----X-----" S T e [ 3+09 O2L A e A

—_ 02 1 o.M 4200m N Ly~ —— e N — L 25405

8 \ N .

N 0.1 potf-- - 400nm - —--- - et B 21 :

Y - el el Ty — e iy (um

5 0 . i T e 0.0 0.8 10 12 (um)

O 0 02 04 06 08 1

@) depth (um)
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_r Understanding PDE vs T: 1D model

G.Collazuol - Siena - IDPASC 2013

avalanche triggering probability +

+ light absorption length in Si (1/a)

absorption length (um)
00y

10k

100

Rajkanan et al, Solid State Ele 22 (1979) 793

Accounting Eqa variations with T, etc...

mmmmd> PDE as a function of (A,T,AV)

obtained by the convolution, of
P...o(X) @and a exp(-ax)
(integrated over the depletion layer)

.........................................................................

..............................................................................

e

E,IE_ .......... ..... - i o Satu ration St rts .....
OIf /e earlierat low. T..
T2 3 456
AV (V)
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_r Understanding PDE vs T: 1D model

PDE
0.7
,gﬁ_ ...... SN ........... o 1) mam contr|but|on to PDE from electrons
.5;1 ...... NG N - PDE distribution shifted toward short A
ME | : ! - at low T because of larger absorption
ap 5 | 5 : " length
.51_.5‘.-_ ...................... .............. ............ ............ _T_ ...... SOK (photo generann deeper into deplern
N 7 — — N NN\ ] layer - gain for shorter A, loss for longer 1)
oaL . T (See aISO DE VS T)
/.
B 04
2) tunneling effects not (yet)
included in the model
~ (enhancement of PDE,
. 3) freeze-out - interplay with band gap
= hot (yet) ~ variations with T)
o included in
g the model
= ¥ 4) something else
© is missing: need
3 to explain PDE
= g decreasing with T
3 for 250K<t<300K
S ...to be understood
(U]
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Question: how to perform low T characterization

Example of low T experimental setup
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Experimental Setup

F Vacuum vessel (P < 103 mbar)
‘B e . Q‘}\\- Halogen Lamp / Pulsed Laser
” . A . Monocromator (200-900nm)

"N and neutral filters

il e Quartz fibers to
=" - Calibrated Photodiode (outside)
and to SiPM (inside vessel)

/S
=
/-
§
-

Amplifier UV LED (380nm)
+ fibers to SiPM

G.Collazuol - Siena - IDPASC 2013
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Experimental setup

Temperature control/measurement

e Close cycle, two stages, He cryo-cooler
and heating with low R resistor

e Vacuum with P< 10-3mbar

e thermal contact (critical) with cryo-cooler
head: SIPM within a copper rod + kapton
(electrical insulation)

e T measurement with 3 pt100 probes

e Measurements on SiPM carried after
thermalization, ie all probes at the same T

e check junction T with forward characteristic
Light sources

e CW: halogen lamp and UV LED (A~380nm)
e Pulsed: laser (30ps rms, A~405nm)

V, .. and current measurements

e Keytley 2148 I 0=V,
Voltage/Current source/meter

C, R,

Pulse/Wavef. measurements |- XZ,\N‘V y

e Care against HF noise SiPM . out
-~ feedthroughs !!! %CFD

e Amplifier Photonique/CPTA RLQ c
(gain~30, BW~300MH2z) L

e Lecroy o.scope, 1GHz, 20GS/s GND

SiPM samples

FBK SiPM runll - 1mm?

(Vbr~33V, fill factor~20%)

e n-on-p shallow junction

e 4um fully depleted region
(active volume)

e NO protective epoxy
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| DCR, AP, Gain, X-talk vs AV (various T)

. 06K = 123k s Jeak« 2175 Dark Noise Rate After—PuIsing swift
s — dumped at low T increase below 100K
—— -!'.ﬂ | | | / ﬂﬂ-# | | | |
7 . <
Ty . 1™ \ il
10 )
2 0.3 _
FE 103 . P.,, ~ independent
. v 0.2 of T above 100K ¢
§ .!’ﬂg v .*:.. T - * [ ]
. Slopes changing with T: *
10 T - different mechanisms - 0.1 . S
SRH~AV? / Tunneling ~AV3 JUSARRN h
] ; 5 lai it 0 M oahmals ™ | ; 5
0 i 2% 3 4 5 0 i 2 3 4 5
AV AV (V)
E:-.. .l'.ﬂ L ] —— j | | |
N § (slight reduction expected
i S 4 |
: = s ® _-Hﬁ due to lower P, for
R g Nt B~ 3 | large i atlowT)
: R, va' ® Lo} | | |
- e 18, BN
! -% lﬁl. O 1 + T++
F:é, 2 ,.-‘h"'. ; / +++L+-
- 0 5 / Bmi4+if : :
0 | 2 3 ! 2 3 4 5
AV
FBK devices

! Gain and Cross-Talk are independent of T G.C. et al NIM A628 (2011) 389
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Timing fluctuations

e SiPM are intrinsically very fast

Two timing components (related to avalanche developement)

1) prompt - gaussian time jitter well below 100ps (depending on AV, and 1)
2) delayed - non-gaussian tails up to few ns (depending on 1)

e Models and Simulations

180



e GM-APD avalanche development

x100

Longitudinal
multiplication

Duration ~ few ps

Internal current
up to ~ few pA

3 .
F

Transverse
multiplication

Duration ~ few 100ps

Internal current
up to ~ several 10pA

(1) Avalanche “seed”: free-carrier
concentration rises exponentially
by "longitudinal™ multiplication

(1') Electric field locally lowered
(by space charge R effect)
towards breakdown level

Multiplication is self-sustaining
Avalanche current steady until
new multiplication triggered

in near regions

(2) Avalanche spreads
"transversally" across the junction

(diffusion speed ~up to 50um/ns
enhanced by multiplication)

(2') Passive quenching mechanism
effective after transverse
avalanche size ~10um

(if no quench, avalanche spreads over
the whole active depletion volume
-~ avalanche current reaches a final

saturation steady state value)

Corrente [MA]

1E0

1E-1

1E-2

1E-3

1E-4

1E-5

Correnta [mA]

R W A 0 N @ @

A.Spinelli
Ph.D thesis (1996)
0 | él'1IDI‘II5I2|OI2|5I3|0I35
time (ps)

Simulation w/o quenching:
- steady current reached

Photon @ center of the cell

it T,

I LT

T Wb =3V
¥— Photon @ edge

— ere=

time (ns)
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e GM-APD avalanche transverse propagation

Avalanche transverse propagation by a kind

of shock wave: the wavefront carries a

high density of carriers and high E field gradients g
(inside: carriers' density lower and E field decreasing 1
toward breakdown level) 3 ’r‘?\

ds _d b Ve Al 0'
o E21Tr( )Ar:21Tvdl.ﬁ,Ar:41TAr = § : ”'

dl dlds/W\
dt det\RJT/

ﬂ_']_ Vbias /
dS = R,(S) S = surface of wavefront (ring of area 27 rAr)

Rsp (S) = space charge resistance ~ w?/2¢v~ O(50 kQ um?)
Vg™ O(some 10um/ns)

=)

Rate of current production:

Internal current rising front:

the faster it grows, the lower the jitter D = transverse diffusion coefficient ~ O(um?/ns)

% dI/dt - understand/engineer timing = longitudinal (exponential) buildup time ~ O(few ps)

§ features of SiPM cells 1 :

CQ,L — timing resolution improves at high Vbias/ Enl v s

g — E field profile affects t and R, (wider E field profile - smaller R) >
U_-) (should be engineered when aiming at ultra-fast timing) /<

S - T dependence of timing through t and D

% — slower growth at GAPD cell edges - higher jitter at edges

(U]

reduced length of the propagation front SiPM cell 1g>



r Avalanche transverse propagation (simul.)

Build-up Spread & Quench Re-charge Idle
3T "
8
Sot :
S
1 = =
u 2 PR | " 1 " a_a . M 2o o " s o " aa 2 L__a o
100 10" 10° 104 10* 10° 109 107
:lufi —rT— T —r ———rr 77—
= >
<
o =
§ ‘E 10 i \ X
2 = :
& 2 | SiPM cell
: - \
% LJ].U“ . . ...; . P ...|'. Y . ...‘
- 10 10 10? 10* 10° 10 10" 10°
N Time (ps)
5
o Slower growth at GAPD cell edges - larger cells « larger jitter
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_r Timing jitter: prompt and delayed components

1) Prompt component: gaussian Fluctuations dueto
: . a) impact ionization statistics
with time scale O(100ps)

b) variance of longitudinal position
of photo-generation: finite drift
time even at saturated velocity
note: saturated ve ~ 3 vh

(n-on-p are faster in general)

Statistical fluctuations in the avalanche:
e Longitudinal build-up (minor contribution)

e Transversal propagation (main contribution)

- via multiplication assisted diffusion - Jitter at minimum - O(10ps)
(dominating in few pm thin devices) (very low threshold - not easy)
A.Lacaita et al. APL and El.Lett. 1990

- via photon assisted propagation

(dominating in thick devices — O(100um)) Fluctuations in shock-wave due to
PP.Webb, R.J. McIntyre RCA Eng. 1982—————» ¢) variance of the transverse
A.Lacaita et al. APL 1992 diffusion speed v ..

d) variance of transverse position
of photo-generation: slope

of current rising front depends

on transverse position

|

Multiplication assisted Photon assisted - Jitter - O(100ps)
diffusion propagation (usually threshold set high)

G.Collazuol - Siena - IDPASC 2013
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_r Timing jitter: prompt and delayed components

G.Collazuol - Siena - IDPASC 2013

2) delayed component: non-gaussian tails with time scale O(ns)

Carriers photo-generated in the neutral regions above/beneath the
junction and reaching the electric field region by diffusion

G.Ripamonti, S.Cova Sol.State Electronics (1985)

hav v
B |
i\) : 75y
L N+ = = ! s 1070 g
nkiﬁ 'iHLgh Field £
J L _?_ = i egion z\
Guard Rin ' n
ai% g I E 2 {13
' | 0]
1 | T
i 2
Region : (;; 10_5_555:
! Q
D
o fili!
L 1000 2000 3000 4000
tail lifetime: t ~ L2/ n?2D ~ up to some ns * Time (ns)
L = effective neutral layer thickness
D = diffusion coefficient S.Cova et al. NIST Workshop on SPD (2003)

-~ Neutral regions underneath the junction : timing tails for long wavelengths
- Neutral regions in APD entrance: timing tails for short wavelengths
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Question: how to perform timing characterization

Example of experimental setup
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r Measurements - experimental setup

G.Collazuol - Siena - IDPASC 2013

Pump Laser Crystal for Second 'S-S‘S’plr;g'rze LV LeCroy SDA
Millenia V (Spectra-physics) Harmonic Generation (SHG) 6020
solid state CW visible laser conversion 800 nm — 400 nm _
efficiency at % level Dark box Analog bandwidth: 6GHz
[ il Sampling rate: 20GS/s
m Ti:sappire SHG II SiPM + cec§ \/ertical resolution: 8 bits
AR laser amplifier

Mode-locked Filters

blue + neutral

Ti:sapphire Laser

for rejecting IR light

Tsunami (Spectra-physics) and tune intensity

femtosecond pulsed laser

wavelength: tuned at 800£15 nm
pulse width: ~ 60 fs FWHM

pulse period: ~ 12 ns

pulse timing jitter < 100 fs

Data taking conditions:
o different V,___

e both at 800 nm and 400 nm
e with different light intensities
(counting rates
in the range 10+20 Mhz
ie 15+30 KHz per single cell)

O
<

HH
C, R
oo

External trigger from
Ti:sappire laser
signal

Electronics

I - V conversion via R (500Q)

Two stage voltage amplification (= x50)
based on high-bandwidth low-noise

RF amplifier: gali-5 (MiniCircuits)

Z = 50Q

e m

Rﬁc
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Waveform analysis: optimum timing filter

Example of intrinsic SPTR measurement
from At of consecutive pulses by laser shots 002

Different algorithms to reconstruct the time of ..

the pulses: 0.04

X parabolic fit to find the peak maximum

x CFD (digital)

X average of time samples weighted by
the waveform derivative

-0.08

-0.1

-0.12

time (ns)

= T
;ae?i?ord / U ‘ ‘
‘ | At ‘J J
1pe | < >
|
2 p.e

v digital filter: weighting by the derivative of a reference signal
— optimum against (white) noise (if signal shape fixed)

[=/vywdt

--#5lide

G.C. et al NIMA 581 (2007) 461

()

f

E

Digital filter to minimize N/S
for timing measurements:
solve the following equation on t :

Va = measured signal

(includes noise)
Vr = reference signal
t, = reference time

see e.qg. Wilmshurst "Signal recovery from noise in electronic instrumentation”
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I

Timing fluctuations

e SiPM are intrinsically very fast

Two timing components (related to avalanche developement)

1) prompt - gaussian time jitter well below 100ps (depending on AV, and 1)
2) delayed - non-gaussian tails up to few ns (depending on 1)

e Models and Simulations

e Measurements

e Optimization of devices for timing
— use of fast signal shape component
— use waveform, it's better than CFD and ... don't use ToT

e Timing with scintillators

G.Collazuol - Siena - IDPASC 2013
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( Single photon pulse shape  (rising and faliing edges)
Average waveform Additional contribution to rms
\ ___________ (theba nd is rms) _______________________________________________________________________________ e (afte r-pu ISeS)

FBK device
/ = 3V

=
[S]
]

Amplitqde (V)

Rise time (10%-90%)
G.C. (2011, unpublisheq) (dominated by electronics contribution)

=
W
]

0.4
— 1.4
RS- FBK
‘:ﬁ 1.2 FoA® B
0.6 [ i EI ¥ L .
0.7 [ 0.8 | I .
i time (ns) 0.6
S R B 0 1 2 3 4 3 Over—»%frageﬁ’f
. _ — 14 :
Reminder: g L CPTA
“© dl D L
N d ~ \/‘ !
O ! R NT 0.8 | "y ; i ;
= 1 06 I . L - : vﬁ
) T Over-vol V
|_I| 1_(Emax/Ebreakd0wn )n vere Iﬂge ( Y
O — 1.4
5 2 HPK
5 - 1.2 - .
' For comparison about rise-time 1F
o . . .
S of HKP devices see 0.8 .. .
% P.Avella et al doi:10.1016/ e | | | ; 5 5
8 j-nima.2011.11.049 T 1 2 3 4 5 Over-Vltage (V]



! S|ng|e phOton pUISe Shape (Rising and falling edges)

G.Collazuol - Siena - IDPASC 2013

]
[S]
]

Amplitude (V)

]
W
]

— Falling signal shape fluctuates

considerably (due eg to after-pulses)
— signal tail is non useful for timing,

] veform if not detrimental
05 - otons note: using Time-over-Threshold method
el for slew correction might lead to worse
resolution
-7 0 I 2 3 4 5 & time?’(ns)

Reminder: < dt Rsp\/;

T ~
\_ 1 T ( E max / E breakdown )

Rise-time depends on AV, T and impact position
dl VD / ie signal shape is not constant, then:

1) CFD method only partially effective

1 in canceling time walk effects

2) any digital timing filter should

account for shape variations (AV, T)

For comparison about waveform method and various digital algorithms

see Ronzhin et al NIM A 668 (2012) 94
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_r Single Photon Time Resolution = gaussian + tails

G.Collazuol - Siena - IDPASC 2013

Time resolution of SiPM is not just a
gaussian, but gaussian + tails
(in particular at long wavelengths)

G.C. et al NIMA 581 (2007) 461

Data at A=400nm

A simple gaussian component
fits fairly

Data at A =800nm

fit gives reasonable y? in case of an
additional exponential term
exp(-|At]|/t) summed with a weight

et~ 0.2+0.8ns (depending on device)
in rough agreement with diffusion tail
lifetime: © ~ L?/ =D where L is the
diffusion length

e Weight of the exp. tail ~ 10% +30%
(depending on device)

Ga

rms ~ 50-100 ps

10° -

10°

107}

A=800nm /
: bon i L—-(/ L T R "
1 i ' ff"-,\‘r.""'s;-'*'wl‘"'f\"‘“*"’"l""'l"}" e A\ Wt Wiy Mo
0 2 4 6 8 10 2

ussian + Tails (long &)
~ exp (-t / O(ns)

contrib. several %

)

for long wavelengths

Overvoltage=4V FIT: gauss+const

A=400nm

g Ay P Ww"*wm»«ww

0 2 y ; ; 10 2
mod(At, T, ) [ns]

FLT: gauss+const
+exponential

Overvoltage=4V

mod(At, T, .. ) [ns]

Distributions of the difference in time between successive peaks
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m SPTR: FBK devices - shallow junction

G.Collazuol - Sien=a - TNDAGQ 72N1R

— 300
e
2
3
5, 250 . ® ) =800 nm
Z i ® )\ =400 nm
200 |- . —-contribution from-
noise and method
‘. .. (not subtracted)
150 SN eye guide
.
.
100 -
.
- [ ]
50 S
f l l l l l l
0 1 2 / 3 4 5 2 7
Typical Overvoltage (V)

working region

G.C. et al NIMA 581 (2007) 461

NOTE: good timing performances kept
up to 10MHz/mm? photon rates

0
Q
o —
c o
—p G—
electron
_linjection
hole
injection
+
c

In general due to
drift, resolution
differences

1) high field junction position
- shallow junction: o/ > gble

- buried junction: ¢/ < o¢le

2) n*t-on-p smaller jitter than p*-on-n
due to electrons drifting faster in
depletion region (but A dependence)

3) above differences more relevant in
thick devices than thin

193



r SPTR: Hamamatsu

1600 cells (25x25um?) 400 cells (50x50um?)

— 500 , B , , —— 500
A ® % =800 nMnjection
= 450 |- ® )\ = 400 nm electron| [~ 1450 o H PK
= . eye guide injection b - 3
f—;":’-fiﬂﬂ : S 400 S
350 | e e 1350
< HPK-3 g HPK-2
366 % | b o} 1300
250 b e 250
2 +
200 | ® 4k 200 S c
" 150 b | 1150
o
oN
O 100 - B ' - 100
< .
= 50 e B - 50
O
S 0 E E | E E | 0
) 0 1 2 3 0 1 2 3
= Overvoltage (V) Overvoltage (V)
-]
N
= Suggested
3 Operating range
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_r SPTR: CPTA/Photonique - thick structures

- Siena - IDPASC 2013

G.Collazuol

sigmd (p

300

200

150 -

100

50

a) Green-Red sensitive
SSPM 050701GR_TO18 SSPM 050901B_TO18

b) Blue sensitive

e ) = 800 nm
® ) =400 nm

-~ 'eye guide

2 4

Overvoltage (V)

600

-1 500

1400

-1300

-1200

-1100

0

3
Overvoltage (V)

- thick structures
- deep junctions

a) nt-on-p
— electrons drift

b) pt-on-n
- holes drift (v /3)

195



r Many photons (simultaneous)

- Siena - IDPASC 2013

G.Collazuol

Poisson statistics:

50 |

40 |

30

20

10

Dependence of SiPM timing on the

number of simultaneous photons

G, 1/\/Npe

A =400nm ®
Overvoltage = 4V

contribution from noise subtracted
— fit to ¢/VN_,

4 & & 10 12

N of simultaneous photo-electrons

14

16
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_r dSiPM timing resolution

Time Resolution
w0
= [ AV=3.3V
L q20 — ! ! !
e | | T.Frach at LIGHT 2011
S o0l | | T,.(N) = 27.8 + 354.9/N
3 L 4
= i Trigger Metwork Skew Distribution SKEW
i 50— 5 I ! ! — Eniries 8132
E B I-"'-._ m%_ :::1 o.nn‘:.:
= N ob
i M._q___q- '"E_
a0 - — =E
al 1 i g3
| | I =
1] 10 Al 1} 40 1 60 .
Mean number of photons N .

-160 -100 &0 o L] 100 168

* Sensor triggered by attenuated laser pulses at first photon level
* Laser pulse width: 36ps FWHM, A =410nm
* Contribution to time resolution (FWHM):

SPAD: 54ps, trigger network: 110ps, TDC: 20ps

* Trigger network skew currently limits the timing resolution

G.Collazuol - Siena - IDPASC 2013
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_r SPTR: position dependence - cell size

PR e) | Bl K.Yamamoto PD0O7
1 199 393
i 7S
2 197 389 i - FWHM = 263 ps
3 209 409
I 4
4 201 393 o  EL. FWHM = 294 ps
5 195 383 e

! /

] / \\ FWHM = 192 ps
™ 148.2ps " 149. Larger jitter if photo-conversion
S i : at the border of the cell
O
0)]
= Due to:
= 1) slower avalanche ~
© A ——— front propagation >
()

) IEEE-NSS 2007 _ 4

= 2) lower E field

N at edges

m© . ..

5 Data include the system jitter _ cfr PDE vs position J
s (common offset, not subtracted)
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g8 SPTR: timing at low T

Timing: improves at low T

Lower jitter at low T due to a) avalanche process is faster
higher mobility: " b) reduced fluctuations

)
(Over-voltage fixed) *-:-"1’4"3 - -
5
= 120 o AV =42V +
o AV = 44V
100 |
+
80
* :
o Note: 60 |- * ‘ .
o
Nodl D ' ¢
) ~ — 40 -
g dt Rsp\/T
. 20 |- FBK
c devices
g
— 0
S s0 75 100 125 150 175 200 225 250 275 300
L T(K)
(@]
8 G.C. (2011, unpublished)



Timing fluctuations

e Optimization of devices for timing
— PDE vs TIMING trade off
— use of fast signal shape component
- use waveform, it's better than CFD and ... don't use ToT

G.Collazuol - Siena - IDPASC 2013
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PDE vs timing trade off / optimization

E field

depth

C.H.Tan et al IEEE J.Quantum Electronics 13 (4) (2007) 906

1.0 —
k=ratio of hole (B) to electron (a) increasing k j/!//’l/
A=Y ionization coefficient (increasing 08 ] "
2 with E field)
L narrow avalanche region, 0.6 |
- . /
high E: _ g w - / .
) o k=1 (RPL
-highk=p/a o %4 v k=o.(5(RP)|_)
—hi i B k=0.1(RPL)
4#’ <ﬂ hlgh ﬂc?lg 09 | electron —— recurrence
region widt 4 injeCtion technique
0.0
‘ »  Dbetter for TIMING 0 20 40 0 %0 100
depth -
700 decreasing w
M
(@
better for PDE o o 9009
A E= Voovvy

0.02 0.04 0.06 0.08 0.10 0.12 0.14

00 decreasing w

jitter rms(ps)

02 0o+ 006 008 00 012 014
SV
plots: courtesy of C.H.Tan 201



JE

G.Collazuol - Siena - IDPASC 2013

k=ratio of hole (B)

E field

depth

depth

PDE vs timing trade off / optimization

C.H.Tan et al IEEE J.Quantum Electronics 13 (4) (2007) 906

to electron (a)

A=Y ionization coefficient (increasing
2 with E field)
L narrow avalanche region,
high E: _ gmai w
-highk=8/a
.], ‘ w=high field
region width
‘ 4
»  Dbetter for TIMING

better for PDE

<1, (ps)

aips)

1.0
. . T
increasing k/ -
0.8 1 o
0.6 -
//
0.4 - @ k=1 (RPL)
v k=05 (RPL)
B k=0.1 (RPL)
0.2 1 electron —— recurrence
. - . h i
injection echnique
0 20 40 60 80 100
~oV/V
10F 3
increasing &
I{'.I--E (a)
10° 5
] increasing &
I
193 )
I IU‘TE- B Iﬂ:dl - -'U:ISI o IU'TE- - Il-ﬂ
P
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| = RPL model: example of fast simulation
|

G.Collazuol - Siena - IDPASC 2013

“Statistics of Avalanche Current Buildup Time in Single-Photon Avalanche diodes”
C.H.Tan, J.S.Ng, G.J.Rees, J.P.R.David (Sheffield U.)
IEEE J.Quantum Electronics 13 (4) (2007) 906

Numerical model (MC): Random distribution of impact ionization Path Length (RPL)

Analysis of breakdown probability,
breakdown time and timing jitter as
functions of avalanche region width (w), 10°

ionization coefficient ratio (k=p,_./%,.cron) 10- 4
and dead space parameter (d) & o |
. . . ) s 10
(uniform E field, constant carrier velocity) = 102 e
g r_.
1) increasing k: 3 107 K=0.1
e improves timing performances 10-5 - (a)
e but breakdown probability 10° - ZEEE
P, increases slowly with overvoltage __ 10"
T 102-
1a) hole injection results in better timing £ 103
than electron injection (in Si devices) E K=1
. 1075 - (b)
2) dead space effects worsen timing —

performances (the more at small k) 0 150 300 450 600
Important for devices with small w time (ps)



m Geiger Mode Avalanche (crude picture)

G.Collazuol - Siena - IDPASC 2013

APD below breakdown (already discussed)

Total avalanche duration depends on the carrier group
If k large: feedback effect is strong — long multiplication chain

...You need to "wait" to collect all the new carriers created in order to achieve

the high avalanche gain...

APD Geiger Mode

We are only interested in those events that reach a certain current threshold
(breakdown definition). Such interesting multiplication events have current

growing after a few transit times

If k large: the rate that this current
grows is faster - short mean time

to breakdown and smaller timing jitter

Large variability in mean current evolution

(corresponding to large multiplication fluct.):

the mean current:

e either decay to zero

e stay at close to a constant value

e rapidly reach breakdown

- number of events that reach

breakdown is smaller - need to increase V

bias

current (mA)

current (mA)

10°
10-! 4
1072 4

107 7
104

10-5 a1
10°

10" 4
]0—2_
]0~3_
]0-4..
]0—5_

0

———
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i
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e Optimizing signal shape for timing

Timing by (single) threshold:

Single Threshold |
| - time spread proportional to N
TR e el 1 /rise-time and noise (a) _/\
] o. = O-amplitude ° f’r:m, ' :Tm -
tme df(f) H*r,.,.—n’_,.‘l f(Tmz=t)
dt (b) X _

Timing with optimum filtering:

- best resolution with )

f'(t) weighting function ) o)

fdf

2
amplltude

(d)

Pulse sampling and Waveform analysis:

Fig, 7. Optimum filter for timing in presence of white noise
{method of derivation).

Sample dlgltlze flt the (known) Waveform (a) signal waveform
— get time and amphtude —

(b) optimum filter for amplitude measurements,

—

G.Collazuol - Siena - IDPASC 2013

— ) - (¢) optimum filter for timing - derivative of (b).
/2 _ O_amplitude \ (d) output waveform.

( O time = B \‘

\ N J" dt[af_(t)] V.Radeka IEEE TNS 21 (1974)...

\ samples dt /
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| Optimizing signal shape for timing

Single cell model - (R | |Cd)+(Rq| |Cq)
SiPM + load - ([1Z_)IIC, .+ Z

grid load

Signal = slow pUISe (Td (rise),rq-slow (fall)) +
+ faSt DUIse (Td (rise),Tq—fast (fall))

® Ty (rise)™ Rd(Cq+Cd)

® T fast (fall) — R|oad C

. (fast; parasitic spike
asiow (aly = Rq (Cq+Cy) (slow; cell recovery

L

Nt

Firing Other Parasitic

microcell microcells ca ?criig;\ce
V (t) Q ( Cq Trasr 4+ Rload Cd TS_L;W) p
Pulse shape “c+c,'c, :

R, C +C,
V
¢ max
2 charge ratio Qe ~ ~
% g Qslow Cd
< 1 C,= 10fF
é C =G Vmax GZR
, cg— 10pF _ _ i i i -
o oofl\ R soka - peak height ratio —%% ~ co 132 increasing with Rg and 1/R,,
& [\ Re=300 V Stow CM/ (and Cq of course)
E Increasing Cq/Cd or/and Rq/RIoad
= [ k - spike enhancement
o T S0 lew0f isew® - better timing
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r Pulse shape (reminder)

G.Collazuol - Siena - IDPASC 2013

V(1) = 0 (Cq er_f; R C4 er:’”tw) _ O R pua qu er__‘i’+ TCd er:,fw)
c+C, C, R, C +C, C +C, T slow
_Note: valid for
. gain G = J«dthT(lt)d = 0lq. = AV(C;d+Cq) Lr:cdspendent low |mpegi?dc§<lo}a?3
e ioa e q
e T = Ry Cit
— charge ratio %;Z"gj ® Tgon = Rq (Cq+Cy)

Qfast_l_ Qo dependent on R,

\Y - peak voltageonR _ jy ~ R
load
e o2 Ve ~ Rigal Cpast — Tdow © (increasing with 1/R )

D015 C,= 10fF

Cq= Cd max

C = 10pF . . V C C R . . .
- <- a0 — Peak height ratio —“~—<—“_E“ increasing with C, and 1/R,
o R:= 500 Vfast CqRq

T
mmmmmm

Increasing C /C, or/and R /R

— spike enhancement
— better timing

load
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r SPTR: cell and sipm size dependence

- Siena - IDPASC 2013

G.Collazuol

1000

200

g00

Count

400

200

0

SiPM - MePhl/Pulsar:
576 cells (25x25um?)
Area = 1x1 mm?

T 1x1 mm®
A 576 pixels (25 um)
s
It 4
. FWHM~ 140ps 3
$
¥
i
; |
E.__
—!'""'"'I_"# |

ioocd 1100 1200 1300 1400 1500 1600 1700 1800 1800 2000

TDC channel (1 ch=5 ps)

B.Dolgoshein,SiPM review

B.Dolgoshein — LIGHTO07
SiPM - MePhlI/Pulsar:

1600 cells
(100x100um?)
Area = 5x5 mm?
700
. Ex5 n’lrr_12
500 : 1600 pixels (100 pm)
200 1
400 “%
]
300
i
200 |
100
¢ 1
200 1000 1500 7000

TDC channel {1 ch =5 ps)

2500
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_r SiPM signal: effect of C, ., and Z

G.Collazuol - Siena - IDPASC 2013

SiPM - MePhl/Pulsar:
1600 cells (100x100um?)
Area = 5x5 mm?
C..~ 160pF

B.Dolgoshein and E.Popova
LIGHTO7

0,0

TR

04+

06

Amplitude, a.u.

SiPM signal

08 =
= (- : ——50Chm
s el —— 20 Ohm
mm——— EIIRENE —100hm
: | | [pixel signal .5t
= - 1 :z-

1012141618202224
tlme,ns

Vmax CZR
- peak height ratio —&~__—4 ¢

load

Zin~50Q
FWHM ~ 15ns

= 0,001

0, 00

mplituse,

<L, 004 -
0,002 4
-0, 003 - -

0,004

Zin~7Q + shaper
FWHM ~ 2.5ns

0,010 ' ,

Amplitude, ¥
2 =2 =
[=) [=] [=]
E ¥ &
| | |
1 1 1

2
B
1

s
;

Time, ns

Trans-impedance amplifier

max
Vslow CtOt Rload \

=10 o 10 20
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_r Optimizing signal shape for timing (SPTR)

4

max o’ Enhancing C, does improve timing
: : fast 9/ q
— peak height ratio e C.C, Ry performances

Hamamatsu test structures

Yamamura et.al. at PD09

1mmJ100um(GAIN=2.4E+08, 25°C)
Timing resolution of 1p.e. vs threshould

400
= §TD
o A —=— Small pixel
L ——Wide trace [
=
B ST, Small pixel b Wide trace = P rmene oy
- - E 300
Euu | 1 | 1
=10 -20 =30 -40 =50 -60
Thresheld [mV]

Analogous method for timing optimization proposed in C.Lee et al NIM A 650 (2010) 125
“"Effect on MIM structured parallel quenching capacitor of SiPMs”

G.Collazuol - Siena - IDPASC 2013

Note: )
The steep falling front of the fast peak o = O amplitude 2
could be exploited too for optimum timing N s | LS (2)]
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_r Optimizing signal shape for timing

. and what about using just AC coupling ...

SiPM std architecture SensL new SiPM architecture
e - Power for fast timin
(ﬂ) i I 1 I | {b) g
J d 4 2 <
2 3 T 3 3 % 2
L L S :;-': f;f
A4 ; A A } a
Cirouard o Favesired

Figure 1: fa) traditional SPM architecture; (b) SPM architecture with inclusion of fast signal terminal.

The traditional SPM consists of a parallel array of avalanche photodiodes each in series
with a quench resistor. as shown in Figure 1(a). In this configuration both bias and
readout must occur on the same electrode. The introduction of a derivatively coupled
electrode to each APD-resistor pair creates single-purpose signal line which delivers
steeper rise-time pulses than the traditional SPM discharge which 1s inherently limited
by the large output capacitance of each APD [3].

O'Neill et al " SensL New Fast Timing Silicon Photomultiplier ” PhotoDet 2012 - proceedings

G.Collazuol - Siena - IDPASC 2013
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I

Timing fluctuations

e SiPM are intrinsically very fast

Two timing components (related to avalanche developement)

1) prompt - gaussian time jitter well below 100ps (depending on AV, and 1)
2) delayed - non-gaussian tails up to few ns (depending on 1)

e Models and Simulations

e Measurements

e Optimization of devices for timing
— use of fast signal shape component
— use waveform, it's better than CFD and ... don't use ToT

e Timing with scintillators

G.Collazuol - Siena - IDPASC 2013

212



Signal shape for timing - many photons

‘ Single ph.e. signal slow falling-time component =
strongly affects multi-photon signal rise time

™M

i

o

N

@)

0N .
<

a

— 15
. 4
o) g
O =
n

! 5
(@)

>

N

© b
©

O

O]

0iar
0.14f

PMT - 1 p.e.

various gaussian
signal shapes

|
' \ﬁ
IIII
1 IIII I'.f’-.‘
| P A Seso

;’III I\yf'# I."ul .

Arhatrary

3 Y -
» g
-y ]
1 h ’ ", et
N N, -
ks "I i i H.HH- i
1]

) 4 & &
g

PMT - 511keV in LYSO

convolution
i 1pe ® scint.exp.

= L L ”.... i
0 50 100 150

C.L.Kim Procs of Sci. 2009 010 (PDO09)

. SIiPM -1 p.e.
¥ 10
h :
“ M changing
4 | . .
i rise time
st ||y
3 By
W,
15 R
i,
i,
1 :‘q‘%‘ﬁ
13 Mﬁ{iﬂ ]
1 S _ ]
ns _MJI K
ol T R R 7 i

0

convolution
1pe ® scint. exp

0 W60 au W0 I M0 160

Arbitrary

(= N - I

& =] g

A

= R, (C,+C,)

fall

SiPM - 1 p.e.

%107

)

changing

\ fall time

nvolutlon
1pe ® scmt.exp. |

convolution
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Optimizing shape for timing - many photons

— /’/\,/’4 Enhancing C and R  does

: : s | CyRy : T
~ peak height ratio —"=~ CC improve timing performances
V d > tot Rload

FBK devices type:

Active area: 4x4mm';
Cell s1ze: 6‘?}:57’”1]12;
Fill factor: 60%;
Co+Cp: about 1801F;
Rg: 1.1M;

Dark noise rate:
~100MHz at DV> 4V

0 000 O

slow

Fig. 2. Test set-up consists of two similar gamma ray detectors (LY S0 crystal

C.Piemonte et al IEEE TNS (2011) + SiPM) in coincidence. A Na source (disc in the middle) was used to

Normalized amplitude (a.u.)

1
0.9
0.8
0.7

0.6 -

0.5
0.4
0.3
0.2
0.1

0

generate two opposite 51 1keV photons in coincidence.

¢ Signal rise-time < 5ns
T, e CRT ~320ps (*) FWHM triggering at 5% height
g v Both are much better than for different
structures with high C_ and/orlower Cq, Rq

(rise time up to several x 10ns, CRT > 400ps)

- = simulation

??7? peak shape is not scaling with AV

(non linearity in the Corsi et al electrical model)

0.E+00  1E-07 2,07 3.E07 4.E07  5.E07 Can be corrected - energy resol. ~11%

Time (s)

(*) ~40% from light propagation in crystals ;4
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Radiation damage
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@ Radiation damage: two types

- Siena - IDPASC 2013

G.Collazuol

Assumption:

Bulk damage due to Non Ionizing Energy Loss (NIEL) < neutrons, protons

Surface damage due to Ionizing Energy Loss (IEL)

« vy rays

(accumulation of charge in the oxide (Si02) and the Si/SiO2 interface)

Non Ionizing Energy Loss (NIEL hypothesis)

10%,
1031

D(E)/ (95 MeV mb)

103¢

Examples of radiation tolerances for HEP and space physics
ATLAS inner detector ...

N

reactor neutrons
(T.Matsumura-PDQ07)

G.Lindstrom et al. NIM A426(1999)1-15
. protons 53.3 MeV

(Matsumura)

~
\\\
\\‘( /

electrons

%0Co y-ray
(Matsumura)

010109108107106105104 103 102107 109 100 102 103 104

particle energy [MeV]

3x10

14 hadrons/cm?/10 year

~ 104 hadrons/mm?2/s

General satellites

.. ~ 10 Gy/year

™~
N /

damage scales linearly with the amount of

protons 200MeV
(Danilov-VCIO7)

protons 400MeV
(Musienko - NDIPOS8)

et 28 GeV
(Musienko)

Expectations:
protons / y-ray ~ 100
protons / neutrons ~ 2~10
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| Radiation damage: effects on SiPM

G.Collazuol - Siena - IDPASC 2013

1) Increase of dark count rate due to introduction of generation centers

Increase (AR,.) of the dark rate:

ARpc~ Py a @, Vol /q,
where a ~ 3 x 10°Y7 A/cm is a typical value ¢ independent of the substrate type

of the radiation damage parameter for

NOTE:
The effect is the same as in normal junctions:

e dependent on particle type and energy (NIEL)

low E hadrons and Vol . ~ Areag,, x ¢ X W_, e proportional to fluence

2) Increase of after-pulse rate due to introduction of trapping centers
— loss of single cell resolution — no photon counting capability

l,UA |
10 2;‘

't

SiPM

10 & HPko

OO

SiPM
MePHY

—
w

R Indications from measurements:

1) no dependence on the device
D similar effects found for SiPM from
T MePHY (Danilov) and

HPK (Matsumura)

(normaliz. to active volume)

2) no dependence on dose-rate

O Sample #20 (130 Gy/h)*  Hpk (Matsumura)

O Sample #21 ( 16 Gy/h)

1 10

proton flux x108/ mm?

' I‘IIIOZI 3) n similar damage than p
: 4) p x101-10° more damage than A
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B Damage comparison
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HPK devices

Damage effect ...
almost the same for

protons and neutrons \

T.Matsumura — PD0O7

(]
L]

Current after 1 hour (pA)

4 2%x10° n/mm?2/s
Ieak @ (Vopl 1. 0X108 n/mm ) = 8 5

Current (pA)

2.3x10°> p/mm?2/s (130 Gy/h)

10 I3
I Pl
2.8x108 | :
i
8~ p/mm?2 i
i
= I s
k) i
i 1
6 i
I !
i 1 1.4%x108
i i
41 : i p/mm?
i H
2_ !!Ii;.‘

" 4!/

before

Leaw @ (V,,, 1.4x108p/mm?2) = 6.7 uA

proton irradiation

‘ﬂ/j irradiaation
N N

%8 685 69 695 70 705 71 715 72

1 0 v
%A . 100pixel MPPC v .
s | v .
2 8 C 1)(108 ' y' .’
E X v °
@] C ®
A : oo : Do [ [ ]
1[:'1 L1 Al L1l L1 1 i o
] 1C 1c” ; o
- - L [ ]
irradiated dose (Gy) : :
5 :
: o
Damage effect ... j ‘
1~2 orders larger with protons : :'?f:;;giion
than y-ray irradiation 0 il i,
68 683 69 695 70 7&% S Z})ltgées(vzz

Neutron irradiation

Bias Voltage (V)

T.Matsumura - PD07
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_r Radiation damage: neutrons (0.1 -1 MeV)

IDPASC 2013

8.3x10% n/mm?2

3.3%x10> n/mm?

1.0x108 n/mm?2

<?10 - " 210 - - 210 - = 7
=2 ¢ f....100pixel MPP o' = ¢ f......100pixel MPP g = 9 b 100pixel MPPC . ¥ .

- & - I e < | v ® ™
g [ H | .v g [ H A .V 5 [ H Y. . Q
2 8¢ Before irrad h 2 8¢ Before irrad: ? £ 8 e~ Before irrad; ° Q
S After irrad \ St After irrad. Y S 7 b After irrad.y . a
6 [ » 6 [ .0 6 r Y : |
A A 9 [ v S ©
5F 5¢F Q’ St v S o
i i o [ v Ny 3
N N v N v K £
3F 3F 3 o Iy )
N 5 5 F.V,269.0M o 2
: : : Y T
1} 1} 1} y =
0 ' ' S ~

8 685 69 695 70 705 71, 71.5.72 68 68.5 69 695 70 705 71715 72 68 68.5 69 695 70 705 71, 715.72

gl%ls voltage (Vz glsas voltage (Vz %gs voltage (Vz

10°> n/mm?2 107 n/mm?2 108 n/m 10° n/mm?2 1019 n/mm?
| | | | | g

| | l | l
n dose

2

U T

G Collazinl - Siena -

EE Z0.0mve

2o A

= (50, 6000n5

i A-22.0mV,
10 Jun 200
1019:51

HEE 20.0mvi

U0 Ons A CRI A-13.6m

* 58, G000ns

ETFRETTERL IS SUSTULT b oL CE SRR 3

3_.__.4_4_-_;_L-_'t L

s Ll Sl
0. 0mve:
Wi (S0, 6000n%

' o ﬁ—,

[-V drastically change. No signal

Signal pulse is still there,
but continuous pulse height.
(No photon-counting capability)

Nakamura at NDIPO8
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r Radiation damage: neutrons 1 MeV E_,
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New Hamamatsu MPPCs (bias non-corrected, R =3 kOhm)

100

s .
* 50 mkm I *
425 mkm . " A .
. i +
+ 20 mkm . i . .
< ® 15 mkm . A . .
E F Y ¢. n
e hi ]
E ¢ A . ’ "
£ 10 . " m———
Q "
= *a
m *
(] N .
+ ]
.
[ |
1
1E+10 1E+11 1E+12

- No change of V_, (within 50mV accuracy)
- No change of R, (within 5% accuracy)

Neutron flux [n/em?]

- I,.. and DCR significantly increase

Effects reduced

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

1.2
1 ¥ [ ] B 2 ‘.
. ¥ xaagg
0.8 " Tt e
* % fw
0.6 * x
» NOL SiPM, 0.25 mm*2, 2500 cells | *
04 « MPPC, 1 mm*2, 4439 cells 1 .,
u MPPC, 1 mmn*2, 2500 cells *
= MPPC, 1 mm*2, 1600 cells ¢
0.2 | 4 MPPC. 1 mm*2, 400 calls e
0
1E+10 1E+11 1E+12 1E+13

Neutron flux [nicm?]

SiPMs with high cell density and
fast recovery time can operate
up to 3*10%? n/cm? (8G < 25%)

Y.Musienko at SiPM workshop CERN 2011

by

- small cells - smaller charge flow (smaller gain - charge)

- thin epi-layer
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Electronics

- IDPASC 2013
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[ Front-end electronics: general comments

e Strong push for high speed front-end > GHz
— Essential for timing measurements

— Several configurations to get GBW > 10 GHz

— Optimum use of SiGe bipolar transiistors

e Voltage sensitive front-end

— Easiest : 50Q termination, many commercial amplifiers (MiniCircuits ...)
— Beware of power dissipation

— Easy multi-gain (time and charge)

e Current sensitive front-end
— Potentially lower noise, lower input impedance
- Largest GBW product

e In all cases, importance of reducing stray inductance

G.Collazuol - Siena - IDPASC 2013
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[ = Front-end electronics: different approaches

G.Collazuol - Siena - IDPASC 2013

Vhbias
C:

SiPM

.""FDLIT

Charge sensitive amplifier

The charge Q delivered by
the detector is collected on
Ce

If the maximum AV, is 3V

and Q is 50pC (about 300
SIPM microcells), C. must be

16.7pF
|

Perspective limitations in
dynamic range and die area
with low voltage, deep
submicron technologies

Vbias

SiPM l

Ry 2 Vo

Voltage amplifier

A |-V conversion is realized
by means of R,

The value of R, affects the
signal waveform

V,,; must be integrated to

extract the charge
information: thus a further V-
conversion is needed

Vbias
sipMm T
2 3|1 [ Ktor
Current buffer

R is the (small) input
impedance of the current buffer

The output current can be easily
replicated (by means of current
mirrors) and further processed
(e.g. integrated)

The circuit is inherently fast

The current mode of operation
enhances the dynamic range,
since it does not suffer from
voltage limitations due to deep
submicron implementation



g ASICs for SiPM signal readout (QDC/TDC)

G.Collazuol - Siena - IDPASC 2013

W.Kucewicz “Review of ASIC developments for SiPM signal readout” - talk at CERN 11-2-2011

Input

Chip Name Measured quantity | Application configuration Technology
ILC Analog
FLC_SiPM Pulse charge HCAL Current input | CMOS 0,8 tm
ATLAS
MARQC Pulse charge, trigger | luminometer | Current input | SiGe 0,35 ym
Pulse charge, trigger,
SPIROC time ILCHCAL | Currentinput | SiGe 0,35 im
Differential
NINO Trigger, pulse width | ALICE TOF input CMOS 0,25 pm
Pulse charge, Dif ferential
PETA trigger,time PET input CMOS 0,18 ym
BASIC Pulse height, trigger PET Current input |CMOS 0,35 ym
SPIDER Pulse height, trigger,
(VATA64-HDR16) time SPIDER RICH| Current input
RAPSODI Pulse height, trigger | SNOOPER | Current input |CMOS 0,35 im
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mm ASICs for SiPM signal readout (QDC/TDC)

W.Kucewicz - CERN 11-2-2011

G.Collazuol - Siena - IDPASC 2013

:

3

1

Chip Name chﬁn::;ls Eﬁ:‘ﬂ :::ﬁ; [s;rf:m] D::::;c I‘Egi';ﬁﬂ;ce I::':rg Year
FLC_SiPM 18 n | 5V (0,2W) 10 - 2004
MARQC2 64 y 5V 16 80pC | 500 2006
SPIROC 36 y 5V 32 2007
NINO 8 n (0,24W) 8 |2000pe| 20 |260ps| 2004
PETA 40 y (12W) 25 8 bit 50 ps | 2008
BASIC 32 y 33V 7 70pC | 17 |~120ps| 2009
SPIDER
(VATA64-HDR16)Y 64 n 15 12 pC 2009
RAPSODI 2 y [B3V(O02W) 9 100pC | 200 - 2008

- Only a few of the suitable for low light intensity
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SPIDER

JE

G.Collazuol - Siena - IDPASC 2013

Chip VATA64-HDR16 was developed for SiPM applied in Ring Imaging

Cherenkov Detector of SPIDER (Space Particle IDentifiER) Experiment

M.G. Bagliesi et al. “"A custom front-end ASIC for the readout and timing of 64 SiPM”
Nuclear Physics B (Proc. Suppl.) 215 (2011) 344

(EEENEEEEINEREEFEENEEROdEEINERED
[su | | .
— Time to Thme
o Analog
| l’; Comyensr
i Trigges ! IR e
- :: ‘: r ||||||||||||||||||||||||||||||||| r; =t ~
N} i T I
j> = W {0000 pe: - =
_':'_I | peakhold | | E“ETIEL"T | [=H | =5 | .
|1 = I7' Armplitnde i - TR R TR O K T
e _‘ I D . :l] ' J_ [m: ‘| l%”lmll ||Iml}|3”|u
E dow shaper I - STt

100ms 300 ns F TILIT lun l unulﬂul "( o

Signal from preamplifier is split in two branches with fast and slow shaper
Branch with fast shaper measures time and other one measures charge

- The DAC on the input of preamplifier allows to moderate the bias voltage

- Signal from preamplifier is shaped by fast (50ns) and slow (100-200ns) shapers.

- Discriminator compared the signal from the output of fast shaper and generate the
trigger pulse, which start time counter with 40ps resolution

- Signal from slow shaper is sent to peak&hold detector which measure the pulse height
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BASIC
»

G.Collazuol - Siena - IDPASC 2013

BASIC is a 32 channel SiPM readout chip for simultaneous time and
energy measurement, made in 0,35 uym CMOS AMS technology (2009).
F.Corsi et al "BASIC: a Front-end ASIC for SiPM Detectors” 2009 IEEE NSS Conf Rec

Vdd

B
HEsEmsttmrimm
s

L L]
e IREISIRS IS GEFISEREIRIRES S IRIESIRI S SHRE SSHES ST UNS 3

M: 1 '
HH E
Current

SiPM T
f Current /Jrf' Ci(a,a,) [ discriminator
buffer .._MM_ Voltage

Veias buffer Vaise

) \’(DIJT
+

Baseline

holder : l Vbl
I

"'h_L

Each front-end channel consists of a current buffer as input, reading on a very low
impedance input node the current signal delivered by the detector

The input current buffer is a common gate stage. Feedback applied to increase bandwidth
and decrease input resistance. Possible fine tuning SiPM bias by varying Vref. The output of
current buffer can be easy replicated by multi-branch current mirrors.

The current mirror at the input allows the splitting of the signal in two branches: one is
used to send the output current to a current discriminator, which extracts the trigger signal
associated to the timing of the event, while the other is sent to an integrator in order to
obtain a voltage proportional to the charge
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r Trend in electronics — fast sampling
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FADC

-sensitive Baseline /
PMUE‘E‘PD Preampitfier__ >"2PE" Restoration | 60 MHZ™ Amplitude
Ire 12 bit

=

/ a _}%

PMT/APD Trinslmpellciqance
Wire reamplifier

FADC

-

High speed

"Fast”
12 bit

Dlg |tal -
Prnc:essmg/

low noise amplifier

Shaping is unnecessary if FADC is “fast” enough

Shaping stage can only remove information from the signal

= sampling speed 2x maximum frequency (Nyquist-Shannon)
o All operations (CFD, optimal filtering, integration) can be done digitally

J.F.Genat - TWEPP 2010
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ASICs for waveform sampling

Best performances for timing with Waveform Sampling
— allowing proper processing of the peculiar SiPM signal
(handling fast/slow trailing front, after-pulses, cross-talk, ...)

Sampling
Bandwidth (3db)
Channels
Triggered mode
Resolution
Samples

Clock

Max latency
Input Buffers

Differential inputs
Input impedance

Readout clock
Locked delays
On-chip ADC

100 MHz-6 GHz
300 MHz

Yes
10 bit

P T .
128 rows

E A4

of 512

560 us

=
Mo

50 Ohms
500 MHz

Ext DAC

12-b +500MHz TDC

MY simultaneous Yes

Fower/ch
Dynamic range
Xtalk

Sampling jitter
Fower supplies
Process

Chip area
Temp coeff
Cost/channel

G.Collaz

15mWH BWY
TmVHV
Inter-rows 0.1%

thdf+2.5
TSMC .25
£.25 mm?2
] '-L':'_.-; =

1 L.
5005/40 105/2k

50 Ohms

Ext DAC

thdi2 6V

Lab

L% ]

20 MHz-3.7GHz
900 MHz

Common stop

256
33 MHz

50us

Mo
50 Ohms Ext

Ext DAC

4 5ps

thdf2_ 6V

TSMC .25 [TSMC .25

10 mm?2

2.5mm2
0.2%/=C

-

Saclay/Orsay Delagnes/

Hamac Matacq
40 MHz
50 MHz
L] B 1
es
13.3 bit 13.4 bit
144 2520
40 MHz 100 MH=z
Yes Yes
Yes Yes
10 MOhm/3pF 50 Ohms
5 MHz 5 MHz
Mo
Yes
36 mWy 250-500 mWWy

0.26m\V/2.75V 175 uv-2V

1733V
HF/DMILL .8 AMS 8
19.8mm2 30mima2

Breton
Sam

0.7-2.5 GHz 0.7-2.5 GHz 10 GHz
200-300 MHz 300 MHz

2

11.6 bit
256

Yag
Yeas

16 MHz

Yes

Mo

Mo

180 mWy

0.6am\V-2
0.30%

2bps

ANS 35

PSI
Flanned DRS3

10 MHz-5 GHz
650 MHz 450 MHz
12621
Common stop
11.6 bit
2048 1024-12288

Mo Mo

Yes

33 MHz

Ext PLL

Mo

Mo

2-8mWy
0.35mVi 1V
= 0.5%

2.8V

AMS 18 UMC .25

25mm?2
fe-h{=C

S.Ritt
DRS4

5 GHz
950MHz
8421
Common stop
11.5 bit
1024-8192
fsamp/2048

Mo

Yes

11pF

33MHz

Int PLL

Mo

Yes

7.2mW at 25/s
3aEmVAY

Bps
258Y
UMC 25

25ppm/=C
10-15%

Table by J.F.Genat “"A 20 GS/s sampling ASIC in 130nm CMOS technology” - TWEPP 2010

This proposal

10-20 GHz
= 1.5 GHz
416
Channel trigger
g-10-bit

256
20-40 MHz

Mo

Yes

50 Ohms
500 MHz
Int PLL
Yes

Mo

W

?

1.2V
IBM 13
Tmm2ich
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r Conclusions — vacuum based PD

G.Collazuol - Siena - IDPASC 2013

PMT: 80 years old... still the most used sensor for low-level light detection

Features

- sensitivity from DUV to NIR
- high gain
- low noise
— single photon sensitivity
— large area at low cost
-~ low capacitance
- imaging capabilities (large pixels)
- high frequency response
— fast speed

- stability

Issues

- intrinsic limit QE < 40%
- broad SER

- high voltage, bulky, fragile
influenced by B, E fields

damaged by high-level light
ageing (eg. He)
radiopurity

Developement

— photocathodes: new materials and geometries —» high QE
— ultra-fast, large area, imaging MCP based PMTs

- hybrids (eg photocathode + SiPM) - narrow SER
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m Conclusions — solid state PD

PIN photo-diode: used in space since '60s, in HEP experiments since '80s
e No internal gain: necessary Q sensitive amplifier (noise, slow)

- minimum of several 100 photo-electrons (p.e.) detectable
e Nuclear counter-effect

Avalanche photo-diode: massive use in big experiments (CMS at LHC)
e Internal multiplication: S/N improved - still >10 p.e. detectable
e Gain limited by the excess noise due to avalanche multiplication noise

GM-APD based PM: technology of SiPM is mature
— candidates for more and more experimental setups
e Dark noise still the most limiting factor —» active area
e Low T: SiPM perform ideally in the range 100K < T < 200K
— quenching R should be tuned shorter recovery (ad hoc)
- lower gain (small cells) might be desirable for mitigating after-pulses

Development of GM-APD in several directions still missing, e.g.:
- IR/NIR sensitive devices - possibly with different semiconductors
- DUV/VUV sensitive devices - relatively easy with SiPM

- Imaging (small pixels)

G.Collazuol - Siena - IDPASC 2013

...many SSPD devices (CCD, CMOS, ...) not covered in these lectures
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- IDPASC 2013

G.Collazuol - Siena

Thanks for your
attention

Additional material —»
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_rThe canonical emission equations

G.Collazuol - Siena - IDPASC 2013

L J

\

4

* Field Emission

Fowler Nordheim

EL Murphy, And R.H. Good,
Physical Review 102, 1484 (1258).

Thermal Emission

Richardson-Laue-Dushman

C. Heming, And M. Michols,
Reviews Of Modem Physics 21, 185 (1840)

Photoemission

Fowler-Dubndge

LA DuBridge
Phiysical Review 43, 0727 (1933).

- : BO™*
Jex { F) = Apy F~ EEP[_ J

- , [ o
Jwip [T} = Ay pl " exp| -
L k,T

"~

J oo (F) o= (ho— @)

K.Jensen — Workshop on Photocathodes — Uni. Chicago 2009
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_r Models of quantum efficiency

G.Collazuol - Siena - IDPASC 2013

. Fﬂwler— Dubridge Model For Metals + (Modified) .
LA DuBridge. "Theory of the Energy Distribution of Photoelectrons.” Physical Review 43, 0727 (1533). F
kL Jensen, D.W. Feldman, N.A Moody, and P.G. OrShea. “A Phoisemission Mode| for Low Work e .::"_‘: g;p
Function Coated Matal Swfaces and Its Expenmental Validation.” J. Appl. Phys. 95, 124005 [2005). & .E_Eti‘ AF
{ :': -'S-D'# ‘.-Ll} -i@ﬂ-
. mk,T T Temperature q 3 ry Y
OF o< ﬂﬂ(ﬁm}“(ﬁm_m +—; ®  Vvork Funct Q£=Etl—m;m}]ﬁ{ﬁ,rw,_” (fim)

» Spicer's Model For Semiconductors
{This Version Looks Different From Spicer, But Is Same)

* p: quasi-empirical, argued to be 3/2
« B: (Escape)x(Transport) = B exp(-Bx)

« (. absorption factor
“‘over’ + “under” barrier terms

Band gap Eg + Electron Affinity Ea

B
1+ sg( —V )

Cirginals: W.E. Splcer. “Phoisemissive, Photoconduciive, and Cptical Absomption Siudies
of Alkall-antimony Compounds.” Physical Review 112, 114 [1958).

E.A Tam, and H.R. Phillpp. “Stucture in the Enengy Distribution of
Photoelectrons From K23b and Cs230. Physical Review 115, 1583 (1959).
C.HL. EhEFgl.lI'IE. and W.E. Sgpicer. 7l - Pholmemission Siudies EI'EI:IF'FIE' anad
Shver: Theory.” Physical Review 136, A1030 {1964).

wmodern Usage: D.H. Dowell, F.K. King, RLE. Kirby, J.F. Schmenge, M. Smediey. "In Siu

Cleaning of Matal Cathodes Using a Hydrogen lon Beam.” Physical Review
Specia Toplcs Accelerabors and Beams 9, 063502 (2006).

L "'l"ru-:

Quantum Efficiency

For Metals:

0.25
o Spicer

e 1 (S RICET)
® Taft
it (Taft)

0.20

015

010

0.050

0.0
1.5 2 2.5 3 3.5 4

hf [eV]

K.Jensen — Workshop on Photocathodes — Uni. Chicago 2009
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QE Photo-cathodes

100 - T T T T T T T T T 1 1 1 1 I I -
B = (5Te = (GaAs m
I Bialkali — InP/InGaAs |
— GaAsP — (5-1)

_ — Extended red Multialkali

F 10} multialkali (5-25)  (5-20) =

> [ -

> - _

c

: : _

; - _

= - _

7]

: I _

8

c

: —

& 10k -
i - :

0.1 ! ! ! ! ! ! ! \ ' ' ' : : '

100 200 300 400 500 &00 700 800 900 1,000 1,700 1,200 1,300 1400 171500 1,600
Wavelength (nm)
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g Stability

1.5
= O 1 BIALKALI
w 52 Sh-Cs 7 | MULTIALKALI |
O /
L = L ™, / -~
W= g5l CsTe /
9t A GaAs (Cs)
b
237
= LU
EE (]
i 2
) O o
© g
~ S
3 L
< B L Sb-Cs
5 -0 .4%/°C /MULTIALKALI —p =72
% - 200 300 400 500 600 700 800 900 1000 1100 1200

WAVELENGTH [nm]

G.Collazuol
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r Gain fluctuations (single electron spectrum)

G.Collazuol - Siena - IDPASC 2013

Secondary emission process - large amplitude fluctuations
—~ measure single electron response, ie amplitude spectrum (SER)

2 2
. ) O @]
SER relative variance —/21 — g 3’ ~
A g—1g
relative e
frequency PR
£ Main contribution
& % from 1 dynode
l.',;l resolution : - Improvement at
_L'f"‘ >‘ﬁ_t .
| higher AV,
a . | Excess Noise Factor = ENC
peak to valley
~ - i _ Multiplication
| \l T ENC = 1+ -

2 .
L relative pulse height M noise

(photoelectrons) N t
Fig.2.4 Typical single-electron spectrum. Resolution 67% FWHM. ote.

Peak-to-valley ratio 2_8:1

Flyckt and Marmorier — "PMT principles and applications”
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[ Operation in B field
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RELATIVE GAIM

| | |
SUPPLY VOLTAGE : 2000
>
""‘:- A"
) yd
\
1':"1 \.
[ LY
| ¢ e
B S N
y LY
02 A0
= A s
| MAGNETIC T
S FLUX N,
— ' LCENSITY 'Y
109 — >
0 025  DED 0TR 10 125 15
MAGNETIC FLUX DENSITY (Tesa)
247TEL

PMT

Gain Dependence on Tilt Angle ¢

10'F -

.| @ ¢=0deg
| W ¢=10deg
| A $=20deg
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- [Photonis XP85012 |

nl..ﬁi . el

Vg
B

0.7
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— i
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=
r
o o

EDIT 2011 School at CERN - photodetectors
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=

-

-

L
(o gl
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APD surface // magnetic field

0
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100

Bias (volts)
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Magnetic shielding

TACCCOOZBEA

Figure 7-37: Shielding effect of a magnetic

shield case

OUTPUT VARIATION (%)

OUTPUT VARIATION (%)

!
8

=100

(=]

=50

=100

Xuy SUPPLY VOLTAGE: 1500 (V)
-
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x
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-""N--x
] J
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Figure 7-38: Magnetic characteristics of a photomultiplier tube
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G.Collazuol

MCP b-s contribution to timing spectra

Travel time and range of photoelectron

2m,]”
lh =
Use,

—

E, .
d, =2] |[—%sin(a)
\ Ve

Delay and range of backscattered
photoelectrons

1, = 2t,sm( ) d, = 2Ism(25)

Parameters used:

U=200V
| =6 mm
E,=1eV

m, = 511 keV/c?
e;=1.6 107 As

.......................

.....................

/l(/, | ;I: I| \\"-
Vil

Photoelectron:
dgmax ~ 0.8 mm
t;~1.4ns

At, ~ 100 ps

Backscattering:
Ay max ~ 12 mm
tmax ~2:8 105
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= Hybrid Photo Detectors

1) Photo-emission from photo-cathode G= AV =V,
2) Photo-electron acceleration to AV ~ 10-20kV W

3) charge multiplication in Si by ionization ’

— reduced fluctuations due to Fano factor (F~0.12 in Si)

O=VF-G
Optical input window . . 4000 —M—E
;’ // y s ’zlf///’,
‘ A
s 3500
o
’ 3000 I
Photocathode Photoelectron 4 pe
N 2500 -
’ AV
a ; § 2000 |’
S 1 : 5 pe
O 0CUSINg electrodes 1500
<
(a
a) 1000 m
©
.E’ 500 L\J L_\J L-\J \w\J ?P‘E
n
+ Silicon detector LA 0 . / . | |
% 0 200 300 400 500
o Channel nr
o -
O EDIT 2011 School at CERN - photodetectors background from electron back-scattering at Si surface
(U]
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r Key elements in SiPM cell

Doping and Field profiles

20 - 7E+05
n " p
19 6E +05 104 Optlcal WII‘IdOW
\I — Doping ;
1 f —Field 5E 405 108 nght alpsorptlon in S|I|con 77K
\ ~~
| \ - [ R [t A A
17 4E+05 § ' 173K >
r /»ﬁf \ Z o102
\ [P0
16 f 3E+05 o Surface |
I B 10l effects | 00—
15 2E 405 = dominate |
e E— 5 pte)
14 1E 405 g 1001 | 7 e
o p—= | |
13 T T T T T T T 0E+00 § 10_1 : Transparency,
0 02 04 06 08 1 12 14 3 | | interference
depth (um) é 10_2 | : are ISSUGS_
: -
10—3 | |
, 200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Guard Ring:

fully
depleted
region

4 um

v (epitaxial)

— for avoiding early edge breakdown
- for isolating cells

substrate - for tuning E field shape

500 1m - has important impact on fill factor

(more than Rq and metal grid)

G.Collazuol - Siena - IDPASC 2013
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_r E.., shape — PDE increases with AV

G.Collazuol - Siena - IDPASC 2013

Ionization rate in Silicon

lonization Rate
N
m
(]

-
m
]
(]

1E-03 1 } } } } —~
1E+05  ZE+05  3E+05  4E+05  5E+05  6E+05  TE+05 \O
) ) o
E field (W/ecm) ~
L
A &
o O
ek 2
4
L LLI
>
depth

A

depth
E field profile - the slope of PDE vs AV

35

30

25

20

15

0

S

0

p-on-n structure

electrond

hole4

P,, optimization
1E+02 T . . . , (n_on_p)

==

e high over-voltage
e photo-generation in the

p-side of the junction

D+

note: P, fixes also the slope of DCR vs AV - working range

n-on-p

structure

n+

hole injection electro
dominating
gelectron
_ injection
DATA dominating
//‘/
///
//
A
A~ FBK 500nm
2 4 6 10 12 14
AV/V (%)
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_r SPTR: HPK/CPTA comparison  T-Ijima - PD07

2250 f1400f
. 1750 :
SiPM - HPK 3 1000¢
1500} ;
(MPPC) 1250t f 42200
1000 -t 600
780,
500 .. ... ...... :
250 .......................... . ...... 200 ; : i | |
05460 2480 2500 2520 2540 19201940 1960 1980 2000 202
tdc 1bin/25ps tdc 1bin/25ps
c0]0]o] SN — — :
o 35n | 1200}
2500 | | | | : | .
L | 1000} - - r
2000 i o~v142ps
800!

15000 d b short tail(~0.5ns)

SIPM - CPTA10000 [} oo 400 e g
(MRS-APD) 800 | TR

600}

e e

5 : i E 3 : 5 O: 7. | s
39.540.040.5 %g(ﬁg-5 41.1 42.042. 43.043.5

) TDC(ns)
Method: CFD + TDC + Time walk corrections

G.Collazuol - Siena - IDPASC 2013
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_r RPL model vs data: comparison ... not yet

- Siena - IDPASC 2013

G.Collazuol

jitter rms(ps)

ttb (ps)

000

—_—
[
(=)

Example of RPL simulation of pure
electron injection in Si SPAD

Courtesy of C.H.Tan

decreasing w

DATA
(DASIPM)
_ 300
o “¥ FBK 800nm (electron injection)
. 250 “®HPK 400nm (electron injection)
©
| -
]
£ 200
150
100
50 Y
0

0 2 4 6 8 10 12 14 16 18

Reminder: AV/V (%’
FBK structure isn on p

HPK structure is p on n 245



§m SPAD timing at low T

Timing: better at low T

Lower jitter at low T due to
higher mobility

(Over-voltage fixed)

i +Time resolution of SPADs ———

=40 =30 =20 10 0 10 20 30

Temperature (°C)

40

50

a5 {

N
o
i

FWHM (ps)
&

w
o
1

25 4

20 +

Time resolution of SPADs

L L b 4 L A L & L & & & 0 & & & & 1 0 & & & & & K & & L & 1 L b 1 1 & I 1 1
T 1 Ll Ll 1 L] L] 1 L]

100 120 140 160 180 200 220 240 260 280 300

Fig. 11. FWHM of the SPAD response as a function of the temperature for a
20 yrm diameter SPAD at 10 V overvoltage.

G.CollazL

S.Cova el al, IEEE TED (2003)

Temperature (K)

I.Rech el al, Rev.Sci.Instr. 78

(2007)
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Quantum Efficiencies (HPK)

JE

G.Collazuol - Siena - IDPASC 2013

Quantum efficiency (%)

Quantum efficiency (%)
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e — ,
- .
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g ?"-'-'C:\ \ MPPC
et B -$10362-11-050U
10 \\
\\ \\
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5. |
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1 \ '
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_r Timing (single photon) vs Area

b a0
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G.Collazuol - Siena - IDPASC 2013
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_r Market price
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_r Front-End electronics

G.Collazuol - Siena - IDPASC 2013

Charge preamp

Capacitive feedback Cf
Vout/Iin = - 1/jwCf

Perfect integrator : vout=Q/Cf[

Difficult to accomodate large
SiPM signals (200 pC)
Lowest noise configuration
Need Rf to empty Cf

Ly
|

.%_

@D — [a

V=-1/Cf | i(t)dt

C.De La Taille - PhotoDet 2012

Current preamp
Resistive feedback Rf
Vout/Iin = - Rf

Keeps signal shape
Need Cf for stability

_.th
Lo, |
Lt I,//)_
® T
V=-Rf i(t)
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[ Front-End electronics

G.Collazuol - Siena - IDPASC 2013

e Current conveyors

e Small Zin :

current sensitive input

e Large Zout : current driven output

e Unity gain current conveyor

e E.g.: (super) common-base
configuration

e Low input impedance : Rin=1/gm

e Transimpedance : Rc

e Bandwitdth : 1/2nRcCu > 1 GHz

R,

i}"-'rnur.

15 jun 2012

m[@ —

[77777

Cd

\ 4

e

C.De La Taille -— PhotoDet 2012

Open loop configurations : current conveyors, RF amplifiers
Usually designed at transistor level MOS or SiGe (ex PETIROC)

e RF amplifiers

e Large Zin : voltage sensitive input
e Large Zout : current driven output

e Current conversion with resistor Rg
e E.g. common-emitter configuration
e Transimpedance : -gmRcRs

e Bandwitdth : 1/2nRsCt

1148 __Cd
7/

[77/7
CdLT Photodet conference

177
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