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New generation of Photo-Detectors
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Overview: trends and selected examples in
- Vacuum based Photo-Detectors

- Gaseous PD's

- Solid State PD's

... as large overview as possible w/ few details



_r Photo-Detectors family tree

Gas
External photoemission

Solid state
Internal photoemission

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

- Quantum well detectors
- Supercond. Tunnel Junc.

- Organic materials
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New generation of
Vacuum Photo-Detectors



" Vacuum Photo-detectors
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Quite old device but still _ | 5rge area
many reasons for using it - High gain /Wide dynamic range

Focusing
Photocathode electrode

Ph'ﬂ.':"r' Photoelectron

Sacondary electrons

Most crucial element « ———— ——— 1 .

in any PMT type

Alternative to dynodes

- Micro-channel plates

- Avalanche diode (HPD) / 3
Fast Timing

- SiPM (VSiPMT)

applications
- not covered (here)

- Low noise

- Fast timing (MCP)

- Low price per unit area
- Weak T dependence

Dissection

Photo-cathode (PC)

Efficiency, spectral response
Acceleration and Multiplication
of photo-electron (Phe)

. Signal pickup

Multiplication elements / Anode



Photo-cathodes
IE
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1) Bi/Multi-alkali-antimonides

—~ K/Na + Sbh in bulk + Cs/Rb at surface

- poly-crystalline layers w/ high carrier lifetime
— very good absorbers for photons 200-850nm
eg. Na,Sb, K,Sh (Bialkali), Na,KSb (520, 525)

Weak points:

* recombination centers in poly-crystalline struct.

» active layer directly deposited on window
— electron sink due to outward band bending

Trapped

photo
r?‘ . Emitied phoio electron

-
= - —...,__“H\\ VARG LT bl

_____ - _ _Coomilewel _ _ _ _ ]

Windaow Photo cathode Vacuum

Examples:

- 520 has PEA (cutoff at 820nm)

@ only hot e- escape - thin layer (60nm)
@ low dark rate (<Khz/cm?)

- 525 has NEA (cutoff at bandgap, 890nm)
@ - thick layer (170nm)

@® higher dark rate (10KHz/cm?)

2) III-V semiconductors
— GaAs, GaAsP bulk + Cs for NEA

—~ very pure mono-crystalline layers
— easy doping and hetero-junctions

AlGaAs CB sleciran
e Gade Conductance band
___________ Eemievel _ _ _ _ _ _
m"’ Mhhﬁ"‘-.\
Wi oW Jl-l:;lq-_ CaAs notive layar
Weak points:

Vacuum level

VaSLIum

e extreme sensitivity to over-exposure
and ion feed-back
» high dark rate (10KHz/cm?2)

Note: alkali metals are very strong oxidizers
— the smallest amount of O,or H,0 totally

burn any cathode

— ultra high vacuum (10® mbar) needed

G.Collazuol - Lectures on Photodetectors - IDPASC school Frontier Detectors 2013



= Photo-cathodes

E Semitransparent (thin layer @)
" D siica on the entrance window
or
s Reflective / opaque on internal
5 o substrate (thick layer®)
T
; 504 > G&ASF } Sermitransparent
E § i mooa
S | GaA
. aRs Light
b L
525
0 : ' ' ' — |“

: | |
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Wave Length (nm)
Photo-cathode: most crucial element in any PMT type

(poly)-crystalline - relatively complex working principles

semiconductor materials - complex construction - still room for improvement !
— since last 10 years revived interest

in R&D for new photo-cathodes

GC GDR AG - T«



" New generation of Photo-cathodes
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Strong press for new high QE photo-cathodes
from Astro-particle and large volume Neutrino experiments
Cherenkov light - sensitivity to single photon

PMT candidates for CTA
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R.Myrzoyan - Light Sensors for
Astro-Particle physics — ICRR 2014

Huge progresses for multi-alkali by
Hamamatsu (Japan) and
Electron Tubes Enterprises (UK)

- QE towards 40% (*)
- CE better than 90%
- PDE x1.5 improvement

(*) due to “better crystallinity”

Recent progress of photocathodes for PMTs
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New generation of Photo-cathodes

“Open-source” developments by the LAPPD collaboration

H.Frisch (U.Chicago), O.Siegmund (U.C.Berkeley), R.Wagner (ANL) et.al + industry
http://psec.uchicago.edu

0.Siegmund - Challenges

100.00% in photo-cathode deposition
. for Large Area MCP Proximity
Focus Devices -

,,,,,,,,, — 2" Photo-cathode workshop -
«Q .? ) . Chicago 2012
= ‘ """""""""""" 0 £
, ﬁ\ H
- E H % ’ 1,008
Z 3 ® .‘
E E b { Hhﬁﬂ‘.h nn-'l > e
g i i a10m Opaque GaN
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B2 5 4§
e E & 0 . .
s O . J.Smedley - Reflectivity depends on angle of
2 o 2% Photo-cathode workshop - Incidence and cathode thickness.
Chicago 2012 Structuring of the photocathode can
Medium Vacuum

Increasing the electron MFP will improve the QE.
Phonon scattering cannot be removed, but a
more perfect crystal can reduce defect and
impurity scattering

further reduce loss due to reflection.
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r New generation of Photo-c

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) Anti-reflecting structures

3) Electron emission enhancement

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

- Electric field assisted emission

photon Cross-section of pillg -
Absorber (Al or GaAs), d ~ 50 nm " *“ k'-r} " ,.

Al absorber CsO, d ~ 10 nm ’ ST hr
- ) r o *

©

CsO photocathode Low work-function coating (CsO), d ~ 10 nm
Absorber (Al or GaAs), d ~ 50 nm

r@"’ﬁg}" “&1'“;"‘ -!;{3 ’ir f?

. ‘-. .\.-I,‘ .I

TiO, pillar (& ~ 50-200 nm)

. &
\

-7 1
[, S,

LAPPD collaboration
- 1t and 2" Photo-Cathode Workshops (2009 and 2012 ) U.Chicago

GC GDR AG - Torino - IFD 2015
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Electron Multipliers

discrete multiplication

S S S S

——— e ————

\%}\\\ ( :

4 - 0000

venetian blind

~ g 0000

(CE) stability

box & grid /

W . eeee

linear focus

T2

metal channel

L
0000

...plus @a number of variants...

PDE Gain Timing B field
immun.

continuous multiplication

micro-channel plate (MCP)

)

OIS
(L

window with photocathode |

a dual MCP -
Chevron config.

CHANMEL V
CHANNEL WALL
OUTPUT
INPUT o ELECTRODE
ELECTOE?E! : 4 QUTPUT
DN iecTRONs
INPUT ELECTRODE #
STRIP CURRENT
(Harmamatsu) m “Continuous”
St dynode chain
VD

+alkali metals Pore @: 2 um
Pitch: 3 um [

Pore Iengt : 40m
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s New generation of Charge Multipliers

discrete multiplication Transmission dynodes revisited (new materials)

A new single, free electron detector in vacuum

A pixelized detector for single free electrons in vacuum
with ps time resolution

Thin (~10 nm), planar dynodes, spaced ~ 30 ym

diamond b i ;
SiNitride (Si;N,) Si doped (SiRichNitride, SRN) RS-
o ="
doped SiO, i CMOS pixel chip, square pitch ~ 55 pm

Supporting

structure
bl \ SIN membrane pad

Electrical

Conductive layer

MicroElectronicMechanicalSystems ‘MEMS' Technology ; ) /L\
- ultra thin membranes

- Cone shape dynode section:

I
SN Poly-Si S0 Au Si

1. focusing electron from above . . |

: ; 5 nm thin dynode material
2. focusing emitted electrons Si Rich SiNitride (SRN)
3. mechanically robust: larger diameter cones feasible

GC GDR AG - Torino - IFD 2015

H.van der Graaf — The Tipsy soft photon detector - NDIP 2014 11



s New generation of Charge Multipliers

B T TG II T

discrete multiplication Transmission dynodes revisited (new materials)

Fast: electron mobility is highest
for free electrons in vacuum

_‘ Low noise: no bias current

Thin, planar, light single soft photon detector

Electron crossing time t. = D \ (2m/qV)=5psforV =150V, D =20 pm

Electron path: quite straight line towards next dynode

30 k e- enough for digital signal on pixel input pads: 7 dynodes adequate
Signal response after 7 x 5 ps = 35 ps

Time resolution determined by last electron crossing time: ~ 2 ps

Spatial resolution determined by pixel granularnty (55 pm x 55 pm)

MNo noise from electron multiplier, no bias current from electron multiplier
Radiation hard

Operates in magnetic field

Secondary electron emission yield not known
Very strong electric field between dynodes: Fowler-Mordheim limit (10° V/m)

GC GDR AG - Torino - IFD 2015

H.van der Graaf — The Tipsy soft photon detector - NDIP 2014



r Electron Multipliers - MCP

Main problem: Ion Feedback (IFB) continuous multiplication

During the amplification process atoms of residual

gas or desorbed travel back towards PC micro-channel plate (MCP)

— secondary pulse

— ion bombardment damages the PC - reducing QE Y

N gain reduction window with photocathode |
e dual MCP -

Chevron config.

y 1‘,‘ a‘:f“"
| I | J II ] 1 | |
j ; = CHANNEL v
A CHANNEL WALL
;| I".I - OUTPUT
INPUT ELECTRODE
ELECTRON / /
= N Fagly OUTPUT

_\ e

| | | \\l INPUT ELECTRODE /|
W

LA A A

M 1oN

!\ \

“Continuous”
dynode chain

Pore : 2 im (i
Pitch: 3 um [

Pore Ient: Om i

(Hamamatsu)

+alkali metals

S PHOTONIS

GC GDR AG - Torino - IFD 2015

13



= New generation of Charge Multipliers
MCP PMT

Fast ageing due to IFB countermeasure (in addition to electron scrubbing):
1) make robust photo-cathodes (developed at BINP for FARICH)

2) investigate alternative MCP materials (borosilicate, Alumina, Silicon)

3) implement ion barrier films - Atomic Layer deposition (ALD)

Y
f:%ifi @f&

ALD Secondary
emission layer

Atomic Layer deposition (ALD)

Three-step deposition process McP
e Resistive layer
e Secondary emission layer
e Electrode layer

100000

lout (PA/pore)

n  Optimization of MCP resistance and SEE S-SOVEEI

§  Independently for each film T 000Vueed
e For a given gain, lower operating voltage 10000 -2

2 5 |

S Allow use of insulating materials other than Pb-glass 1000 -

‘<‘IE’ S

(a4 T.GyS - NDIP 2014 100 P W T ] AT i
8 0.001 0.01 0.1 1
)

(U]

14



w New generation of Charge Multipliers

IFD 2015

GC GDR AG - Torino -

MCP PMT

PMTs in a collider experiment, Belle Il

* MCP-PMTs for TOP counter (barrel /K PID)

5 MCP-PMT -
Uart : arra
!‘Ur Y
2.6m : j
LL-...‘
Developed with Hamamatsu TOP [ Aerogel RICH

1PE detection, TTS~40 ps, QE~28%, Usable in1.5T
Lifetime improved by x ~10 by Atomic Layer Deposition coating

Mass production of >goo PMTs finished and performance checked

HAPDs for Aerogel RICH (forward n/K PID)

— ~5 mm position

resolution 144ch-dAPD
— No significant QE

degradationbya - 7 i . e : . T -
20yr-equivalent b ; - —_|l i
agl ng test ; '63”1 m 4 bi-alkali photocatnode Ae roge I H A P D 5

plxzlated APD

Latest developments also within the TORCH project (Time of internally Reflected
CHerenkov light) for low-p PID future LHCb upgrade

15



" New generation of Charge Multipliers
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MCP PMT

Key Issues for ALD Borosilicate MCPs

Current MCP devices have specific limitations due to the nature of
the structure and processing of conventional MCPs. Atomic layer
deposited (ALD) MCPs made on borosilicate substrates provide a
unique way to improve on current devices or make new device types.

Borosilicate substrate:- Strong & clean compared with standard MCP glass
Large areas can be made large detectors for security applications
Larger open area ratios — higher photon felectron/ion detection efficiency
Low/no radioactive content lower background for security applications
Low outgassing longer device lifetimes, shorter process/fab times
High temperatures deposit materials & cathodes not otherwise possible

Atomic layer deposition:- Decoupled from substrate, many materials possible
Resistance tailored to suit can make a wider range than standard MCPs

allowing high local counting rates
High secondary emissive layer better pulse height at low gain, better gain
Stable secondary emissive layer faster gain burn-in, or none needed

—very long lifetime & durability

O.Siegmund - Application of AL-Deposited MCP to imaging PD with High Time Resolution - NDIP 2014

16



r New generation of Charge Multipliers
MCP PMT

Expanded area view

showing the multifiber
edge effects.

Also see

Incom
poster.

L5 59 200m. 20um pore. A0, SEY, MCP pa

making new  image with 185nm non-uniform UV
tubes this illumination. Cross delay line photon
sUummer - ol -
counting anode. Image striping is due to the
anode period/charge cloud size modulation.

2

GC GDR AG - Torino - IFD 2015

0.Siegmund - Application of AL-Deposited MCP to imaging PD with High Time Resolution - NDIP 2014



r New generation of Charge Multipliers

MCP PMT
MCP-PMT R&D in China - JUNO experiment

1) Using two sets of Microchannel plates (MCPs) to replace the dynode chain
Z) Using transmission photocathode (front hemisphere)

— H 1 '
and reflection photocathode (back hemisphere) _ 4 viewing angle.

Photon Detection Efficiency: 15% =2 30% ; X~2 atleast!

100% PPl k-
ol - |
42 TP
Linsulated trestle fable =+ 0% 2
2 Anode i ._ s R
; II.-E I _ o _,.e-""f - 4
3 MC’F dﬂdm& I" | | l_.-'" I__.-""l-__.-'"_.r g u-i-_ﬁ
i rao
~ 4 Bracket of the cables | | @4,
l 5 Transmission Photoca
n 6.Glass shell a
S 7 Reflection Photocatho
a) 8.0Glass joint
—
(') Transmission rate of the glass: 40%
g Guantum Efficiency (QE) - of Transmission Photocathode 30% ; of Reflection Photocathode 30% ;
|9 Collection Efficiency (CE) of MCP - T0%;
— w i — oL & ] oy & O & o a
© PD = QE,_ *CE +TR.,__QF._ "CE = 30%*70% + 40%"30%"70%= 30%
(a4
a
U
Q
O

S.Qian - PhotoDet 2015



r New generation of Charge Multipliers
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Large area High Efficiency PMT's - B&L dynodes and HAPD

New photodetector R&D for Hyper-K

‘ Total mass : 0.9g9 Mton
Hyper-Kamiokande  Fidycial mass: o.56 Mton

_ \H \\ ,‘ ) "T;;_,, (x25 of Super-K)

e

Inner surface area
~100,000 m?!

Inner Detector

B Proton decay search 99,000 20" PDs (11,129@5SK)
B Full picture of v osc. (leptonic CP violation, ...) | Outer Detector (Veto)

B Astrophysical v (solar v, supernova v, WIMP, ...) | 25,000 8" PDs (1,885@5K)

High-efficiency PMT High-QE Hybrid PD
Super-K PMTs (R3600)

usable also for Hyper-K.
New photodetectors
being developed for

» Better performance
* Lower cost

Box&Line dynode Avalanche diode

S.Nakayama — Recent Progress in the developementof PMT's — PhotoDet 2015



r New generation of Charge Multipliers

Venetian blind type (Super-K) /Box and line type (New for 50cm) ™

imight miss  Drift path _ + high Qg _30%
1st dynode. can be varied. T s
e <O e
\_‘(xéﬁ(—lﬂt = Box
fff{.d’..- IR Or Large
NANNRAS 4_\\‘ kg - coverage
SIS LPID 4
NANNR xﬂn J -
ffffff#;
ASCENES e vl dynode
SLSLPL L ' . . 2w Drift path is |
l‘gl' = » Enlarging is easy. J/I L almost identical.

B&L type multiplication performs better:
1) Collection efficiency (wide first dynode)

i fuE | ==  \“ 2) Fast timing response (well defined e- path)
and have lower cost (simpler structure)

-9 &0 -™ 60 50 -40 -3 - -0 0 10 A 30 40 S50 B0 TO 8O S0

Counting Rate

Position angle [degresa]

1PE Charge Multi-PE peaks

per-K PMT
20" HE PMT

Super-K PMT [
20" HE PMT

f

e et ) o - i F L L1 L P . _ i T TR
10 15 20 25 - = i 4 g
Time (ns) Ehotoelection Fhotoslectron

GC GDR AG - Torino - IFD 2015




" New generation of Charge Multipliers
| Hybrids w/ APD

Hamamatsu R128g0

20" HQE Hybrid Photodetector (HPD)

Avalanche Diede (AD)
-300V ,

20" HPD (w/ smmd AD)

T

* AV : Amp. gain
<300V he
first step gain Avalanche gain

x |.|f.l:|l:| x a0-10

= == & - . o, .oy ey by
: : : 4 5
Total gain 10 = Amp. gain Photoelectron

* 8" HPD prototype (smmd AD) has shown good performance

* Low S/N ratio is an issue for 20” HPDs
— Due to large junction capacitance (~8o00 pF) of a 20mmd¢ AD

— HPD with a segmented AD is under evaluation.
Lower capacitance AD production is also being tried

— Development of lower noise preamplifier is in progress

GC GDR AG - Torino - IFD 2015

.. thread-off high Collection Efficiency (large area APD) vs low noise (small area) o



» New generation of Charge Multipliers
Hybrids w/ APD - multi-channel

- RICH 2013

G.Collazuol

Electron Bombarded G

Bombardment gain = 1500

Bi-alkali |

photocathode photon )
—8kV _

~20mmI ﬂ hotoelectron

multi-channel APD APD gain =50
Total Gain ~ 7 10°

Dedicated APD layout for
- kinematic E threshold

- protection against alkali
- HV insulation

- mitigate radiation effects

1800

I
—a-22
—b-22

e-22
d-22

1600

1400 H

1200

1000

thireshold

800

600

2

400

200

D 1 1 1
] 1 2 3 4 5 [ 7 B 9
Photocathode Applied Voltage [-kV]

Development for
BELLE-II Aerogel RICH

1400

1200 | S.Korpar RICH2013
1000 o
% 800 | Single photon
E eoo | sensitivity
400 |
200 |
u 1 1 1 1 1
o S0 1000 1200 2000 2300 3000 3500 4000
Output Pulze Height (ADC ch)
. Photocathode Voltage: -8kV
w0 | AD Reverse Bias Voltage: 341V
= 25; k\ Guard Voltage: +200V
5 20 J \ ﬁ.ll!lﬂ.'lﬁt!l' > Clear-Pulee 580K
5 o F Light Source: LED 470nm, ZkHz
E 15 E \
& 1oL .
i AN
o o
200 300 400 SO0 ] TOoOm

Wawalengtn pnm]

Y.Yusa at EPS 2013

Note: improvement in timing resolution compared
to same geometry PMT tubes (in particular

for 8" and 20" devices vY.Suda RICH2013)
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New generation of Charge Multipliers

JE

GC GDR AG - Torino - IFD 2015

Hybrids

- Si-Anode + RO Chip - HPD /ISPA tube
- APD - HAPD

- SiPM - VSiPMT

- Back thinned CCD - EBCCD

- Back thinned CMOS - EBCMOS

Large Area HPD / small number of pixels Imaging / Megapixel devices

-
S T

Bealicnh BLES0 UY exi=nd

L1 2048 = 127mm!
HW = 0 kY

LH Eh E ER” . Jararm Beains 2002 : ewafild -

L L P PR

One the few relevant Photo-detector developments pushed by LHC

PHOTONIS
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r New generation of Charge Multipliers
MCP PMT — Hybrids w/ APD — w/ SiPM (Vacuum-SiPM)

GC GDR AG - Torino - IFD 2015

Vacuum Silicon Photo-Multiplier Tube

An innovative design for a modern hybrid photo-detector based on the combination
of a Silicon PhotoMultiplier (SiPM) with a Vacuum PMT standard envelope

Photocathode

Focusing ring

Focusing grid

SiPM

increase the SiPM surface with
SiPM performnces

GC. Barbarino et al
INFN - Napoli

24



» New generation of Charge Multipliers

GC GDR AG - Torino - IFD 2015

VSiPM - industrial prototype

2013: Hamamatsu realized two industrial prototype, by arranging a no-windowed SiPM
inside a commercial Hamamatsu HPD: an outstanding proof of feasibility of the device.

Entries

- Excellent photon counting capabilities

- Photon Detection Efficiency: 23% @ 407nm

- High gain: 10> + 108, HV-stable

- Good timing performances: TTS < 0.5ns

- Low power consumption: 5mW (amplifier stage)
- SPE resolution 17.8%

- Peak-to-valley ratio =65

- Efficiency is highly stable over 3200 V

- No need for high voltage stabilization

1000 — peak ,'1 pe
800 |—
C pedestal
00—
w00 —
mn:— L‘J
_ valley

PR S —— —— o ) i [ R | i [ [ R | [ [ | i |. .I
100 200 300 400 S00 600 ' 2000 2500 I 3000 :un;u:lI 4000 4500
Integral{ADC counts*samples) HY (W)

9

8
o
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s New generation of Charge Multipliers

GC GDR AG - Torino - IFD 2015

Hybrids w/ SiPM (Vacuum-SiPM)

new VSIPM UV-Vis prototypes

1-3” Photo-Cathode VSIPMT devices

are under construction by Naples group
in collaboration with

Bari/CNR (photocathode)
FBK (e-SiPM for electrons)
National Industries (envelope, dom, tube)

“LEGO” prototype with
Csl based photocathode and Hamamatsu e-SiPM
— tests ongoing at DAFNE UV source
results soon..... stay tuned!

Naples project founded by INFN gr.5, ASI, STAR UNINA Federico II

26



mm Photo-detectors - specific applications

- High Pressure environment
- Operation in magnetic field
- Low Temperature

- Radio-purity

GC GDR AG - Torino - IFD 2015



mm Large Area & High Pressure

GC GDR AG - Torino - IFD 2015

Km3Net experience:
Multi-PMT system with small PMTs (DOM)

Use small PMTs !

- Photon counting

- Small TTS

— Negligible effects due to magnetic fields
- Almost uniform coverage

- High granularity (impr. background rej.)
— Directional sensitivity (impr. recon.)

— Several manufacturers of small PMTs

T2K-Naples R&D for a new multi-PMT
for TITUS and Hyper-K WCh detectors:
* New acrylic vessel to reduce the dark rate

(radio-impure in glass vessels)
e PMT Read-Out system

 Other PD considered: VSiPMT, SiPM matrices, .

Km3Net DOM

Photo-detectors and electronics
arranged inside a pressure
resistant vessel

28



JE

GC GDR AG - Torino - IFD 2015

New generation of
Gaseous Photo-Detectors

29



Gaseous Photo-detectors (UV)

Large Area UV sensitive PD with Csl photo-cathode and MWPC readout
— successful RICH detectors (stable operation and honest performance)

HMPID RICH Single photon defection in Cs-MWPC Rate issues !
_______________ - slow signal (ions)
SINGLE PHOTON «—————_"®ecy,, | - ion bombardment

o '.il?f?.eh-':ﬁ:.f}l' - photon feedback

CH, colaction T — -,
B S CsIPC QE |
; Ta;,
Yajn g

SINGLE PHOTOELECTRON

i clookonien _ l photoeleciron backscattering (GAS, E, P) '\-Il"'-,
.-'I"' - -_HH“ |II
. | |
/“‘-’ \ TOWNSEND AVALANCHE /"
LG P . , gas gain (GAS, E, P} | b
T—Ilegg .-
. /:EDNT—END ELECTRONICS (ions signul}'““-g."‘.’:‘l_ /
— it 1.+ integrafion time — visible gain A, . _Zth
Triil‘:fg_'i_“__-'-—--"' * noise — zero suppression thresh. A | Eder— € 4o
rafe requirements — 7 osening
- .i'-'lﬂf"-\‘
SINGLE PHOTONHIT «_ ____éaﬁ';eg-::-u-

GC

A. Di Mauro- Status and perspectives of GPD - RICH 2013 3



r New generation of GPDs - ThGEM

GC GDR AG - Torino - IFD 2015

- GEMs operated in HEP experiments
as tracking devices at gain < 10#

[not enough for single photon)
- Thick-GEMs —

» simple manufactunng [mech. drill. of
PCB) and assembly

+ Hole diameter: 0.2-1mm
+ Pitch : 0.5-5mm
+ Thickness : 0.4-3 mm
+ Rim: 0-0.1 mm

+ mechanical robustness [also against
sparks)
+ opfimal alternative for single photon

| 1Em
./'(’ ) 4THGEM , UV-led

THGEM gain with/' without Gs| photocathode

Mo Csl - closed |

| {with Cgl - open |

aTriple
Double
Single
MNe+1 D%DH4
400 600 800 1000
THGEM Voltage [V]

o=7152ni

defection | spatial resolution £ 1 mm) 14 E., !

+ large gain (~ 10* /stage], 7-8 ns fime dE &
L THEEMZ | | | | 4 2 g

- Extensive characterization by WIS, 'y o

COMPASS, ALICE S -

THeEM3 ] g £ 5

* EIru:.

] . e b

R. Chechik et al., NIM A535 (2004) 303
C. Shalem et al.: NIM A558 (2004) 475 and NIM A558 (2004) 448
A. Breskin et al. NIM A5%8 (200%) 107
V. Peskov et al., JINST 5 (2010) P11004

a Fi] ] 75 100 s
riene {ng]

M. Alexeev at al., NIM A 17 (2010) 374

o Neon based mixtures (- large gain at low HV) CH, or CF, (- reduced ph.e backscattering)

e E, . and geometry - optimize ph.e transfer
e rim — stable operation without sparks

-~ high gain (~10°) high rate operation (100 Hz/cm?) ...

IBF still an issue (- new structures)31



r New generation of GPDs - Hybrids

R&D for COMPASS RICH-1 upgrade
Hybrid THGEM/MM

Gsain = 1.7E6
Window §
$ ' V. =800
30 mm I : E, n'-tir=| 625 Y/em
P
Ll AV, = 1450
. .
i Einel = P47 ¥icm
! Em':;-lGEM TS 3V, = 1410¥
EEEREEER g e E, e = 0Viem
2 mim
. MESH Rate = 771 Hz
TINNNEENT D orzamm - s
TORIIARAEEIPRARIARENGIRIN IBF ~ 4%,
Anade Pilars i

+ Posifive expenence with large area MicroMegas

« Large suppression of IBF | ~ B a/Eqm |

« Spread of avalanche from THGEM pre-amplification — shanng of final amplification in
varous cells of MM, spark-free operation

« In Ar/CH4 total AV ~ 4 kV instead of 8 kV with inple THGEM + smaller no. of elecirodes

A. Di Mauro- Status and perspectives of GPD - RICH 2013

F. Tessarotto, talk at MPGD 2013 - Zaragoza 02/07/2013
. Levorato, proceedings [EEE 2013

GC GDR AG - Torino - IFD 2015



r New generation of GPDs - Visible

GC GDR AG - Torino - IFD 2015

Operafion in GPD of phofoconverters sensitive in the visible range (e.g.
alkali-antimony: Cs-Sb; bi-alkali: K-Cs-Sb, Na-K-Sb) is affected by:

» Vvery high reactivity with O, and H,0O
(QE degradation)

Usage of very high purity gas systems,
URV material selection, operation in

40

sedled mode, protective "hanofilms”

Low QE,
works for O,

o f
10 f
2 f— 'l\u‘
3‘:‘? — . o
i ' A
0 ! \
e \
! 1 r LY
g »— K-Cs-Sb :#,I
S —o— K-Cs-5b/200A Cs! _
» K-Cs-S0/2504 Csl L
ﬂl“l i - 1 - 1 1
oWt ot et w0

pxygen pressure [lor]

10°

r large probability of ion-induced
secondary eleciron emission: y* ~ 102

+  (Gas gainin "open geometry” detectors
(MWPC) limited to ~102 for stable

opetration:

v G <

In “close geometry” of hole-type
MPGD with reduced |BF:

v IBFG<1— G~ 10°requires IBF ~ 10

A. Di Mauro- Status and perspectives of GPD — RICH 2013

E. Shefer et al.: NIM 433 (1999), 502; J. Appl. Phys 92 (2002), 4758
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New generation of
Solid State Photo-Detectors (SSPD)

Single / multichannel PDs
- PIN-Photo-diode Imaging devices / Megapixel

AR - CMOS, sCMOS

” - SPAD
Silicon  _ gm-apD (siPm) CCD, EMCCD

GC GDR AG - Torino - IFD 2015
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» SSPDs - APD - still largely in use

GC GDR AG - Torino - IFD 2015

>120.000 APD's in CMS

Barrel: 2 x APD, Hamamatsu S8148

Good performance
(with anomalies)

n %

Epoxy cover [~400 Lm) 1‘\
‘HEQPI?;]?h - p? H+
— . X 3 F

— | o i
a
(H
— . ] .
[ B
Low gain

— Hybrid PM

— fast timing applications

APD biased for low gain M < 1/k

» fast exponential growing due to only electrons

= high number of carriers in high field
region at given time:
-+ small gain fluctuations

= Timing fluctuations are small: limited
only by the length of depletion region
— time resolution limited by electronics
(high Amplification for low light signals)

Hayat et al 1. Lightwave Tech. 24 (2008) 755
Fox et al Rev. Sci. Instr. 70 (1999) 1951

Electron Fesitizn R
Iniection

; Multiplication
1 THE Lo
+ Good

@:%\.
: %ﬁ%‘j Single Carrier

APD biased for high gain M > 1/k

= hole ionization events contribute

- increase of gain is the result of small number
of large pulses due to one or more hole
ionization initiated secondary avalanches (ENF)

 low number of carriers in high field
region at given time and hole ionization near
cathode resulting in larger pulses

= large gain fluctuations

+ slow buildup and long pulse due to
many carriers over long time
= |large timing fluctuations

Time i
Elactron__, - Fosition N
Irnection )

Two carrier
Multiplication

Is bad

¢ Slow

v Positive feadback

Ern :ﬁp 4

i T M e il i i ol

Tlime

Devices with high multiplication noise are
not good for single photon counting

Single photon counting is possible,

but at low temperature (T~77K) and
with slow electronics (PDE~209%)

A. Dorokhowvet.al. , JournalMod. Opt. v51 2004 p.1351
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SSPDs - APD

still largely in use

APDs in Space based
instrumentation

CHD-FEC PMT SCIN

APD biased for low gain M < 1/k

» fast exponential growing due to only electrons

= high number of carriers in high field
region at given time:

APD biased for high gain M > 1/k

= hole ionization events contribute

- increase of gain is the result of small number
of large pulses due to one or more hole
ionization initiated secondary avalanches (ENF)

 low number of carriers in high field
region at given time and hole ionization near
cathode resulting in larger pulses

= large gain fluctuations

+ slow buildup and long pulse due to
many carriers over long time
= |large timing fluctuations

Ecron__ " _Positon X
Iriestion y :
LY % I
&, : Twao catrier
(W, 1 Multiphcation
== k!
o, ﬁ P N : Is bad
?“&*g ¢ Slow
JI + Positive feadback
w

Devices with high multiplication noise are
not good for single photon counting

Single photon counting is possible,

- : CHD
MAOMT ,h\-ll ] L e S } ~small gain fluctuations
= , .
K‘:ﬁg:';l W e H « Timing fluctuations are small: limited
J | b= M— ~ IMC only by the length of depletion region
{ [li== sl i ;
IMC-FEC | ifof — time resolution limited by electronics
e = Scifi (high Amplification for low light signals)
-l
-t
Hayat et al 1. Lightwave Tech. 24 (2008) 755
§ TASC.FEC = TASC Fox et al Rev. Sci. Instr, 70 {1999) 1951
i Eleetron __, . Fodltian .
1 3 Injestion ﬁ !
BISEPAVEL % ' .
W0 % Siuglle t;zurller
4 Multiplication
The CALET experiment B, -0 | '"’, +Fast | pprr
n on the ISS station : * Good J
8 w I
@ Time
o
£
| -
S
. Low gain
0] .
< - Hybrid PM
(a4 . . . .
S — fast timing applications
O
(U]

but at low temperature (T~77K) and
with slow electronics (PDE~209%)

A. Dorokhovet.al.  JournalMod. Opt. w51 2004 p.1351
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G.Collazuol - RICH 2013

r SPAD Arrays with electronics “integrated”

>

| \ t"Thermoresmtnr _. L quenChing
2 e reset
e read-out

= Niclass,
N PhD Thesis
4 @

S8um

32 CHANNEL DECODER
——————

Kk
Whgd
Migep

DIGITAL V..
QuTPUT

£ *
3 »
P g e e
FEEIRICHESEE

(@)

B v Pixels h

32-10-1 MULTIPLEXER

& X XX
' s Traiiaey

: : - Lk ke

; | M= EXCEX XX

% L = . g o

\ e . = [EEEE Ax
i = A

e = Cal -

[As ‘0] A=ang ¥amod

e Cova,

. 364mm | 4% i . B | _— % _
La ca Ita , g ,;\ /O INTERFACES VDD & VOPBUS 110 INTERFACES

Zappa et al
since early
J0-les s TN i ROl S,
(Politecnico i it | =2 LE | i = | [ clacuiTRIES. | SPAD ARRAY|! . CIFCUITRIES
Milano group) : =] = M o o g et AR e ik _ T : .

Guerrieri, B,
NDIP 2008 843m

e Kindt et al

S Iso: / e Charbon, Rochas, Niclass, et al
e also: e Jackson et al ® Staples et al (EPFL Lousanne group)

o EPFL (2008)
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_r Digital vs Analog SiPM

G.Collazuol - RICH 2013

Analog Silicon Photomultiplier Detector

Vhias

RE

Readout ASIC

Discriminator HTDCp—# Time

{>J: Shaper H | HADC# Energy

SiPM

T.Frach - Heraeus Seminar 2013

Digital Silicon Photomultiplier Detector

v e Detector + Readout
Cell Cell ASIC
Electronics Electronics
1 Recharge] L
: . et H - ToC P Time
»| SO0 g Energy
- for each light pulse - output is:
d-SiPM: time-stamp and number of photons

- control of individual cells
- O(500ns) RO dead time (upon trigger)

Analog SiPM

Murmber of phatons

Time
www_hamamatsu.com

» Cells connected to common readout
= Analog sum of charge pulses
* Analog output signal

2
Digital SiPM

ITDC and
photon counter | |

=

Digital output of
* Number of photons
* Time-stamp

= Each diode is a digital switch
= Digital sum of detected photons

* Digital data output
L



JE

ol - RICH 2013

G.Collazu

Trends and optimal operation
of Analog SiPMs:

- tiny cells
- low Temperature

39



[ Trends in analog SiPM - tiny cells

T|ny ceII ~ better performances
_ tiny cell MPPC (2012) by Hamamatsu

/Many small cell SiPM types avallabls -
\ F|II Factor improving (> 50%)/ -

| \ r‘h
L §

. tlny ceIIs (—> 10- 15pm)
-~ HPK, FBK-Advansid, NDL, MPI-LL, ...

e micro cells (» um)
— Zecotek, AmpliticationTechn.

20 pm cell pitch '._-’ 15 um cell pitch

SiPM-1, 2500 cells, U=26.5V, Y11 light, Gate=100 ns

SiPMs NDL (Bejiing)

@ 3000 |

) E —=ldeal linearity line
= Zhang et al NIM A621 (2010) 116 S 2500 + SiPM response
N Han at NDIP 2011 b ”
. *type: n-on-p, Bulk Rq S g 1500 T
£ ¢ high cell density (10000/mm?2?) ~E 1000 z
= S-
= e fast recovery (SM ., dynamic S so5 |
%_r/ low gain ranae 5 Measurements by Y.Musienko

e better 19 i

timing — less after-pulsing /a 1000 1500 2000 2500

o - less cross-talk N.xPDE
O

- mitigate effects of ra gfi)g;jgn/damages 40



r Trends in analog SiPM - tiny cells
=3¢ FBK SIPM technology roadmap

Original technology 2005
Electric field N @
engineering
RGB 2010-2012
NUV
New cell border N
(trenches) 2012-2015
RGB-HD
N uv-H@%
Trench filling | > lL

2014 |RGEBE-H D-LDWC'S\L@%

NUV-HD-LowCT

November 3, 2015 Alberto Gola — N55 2015

GC GDR AG - Torino - IFD 2015
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Trends in analog SiPM - tiny cells

Re?uggr?tgcﬂ all the feature sizes L <1um U H D teCh n O I Og y

+ Resistor

SEM images

Reduction of the active-to-border
distance (L)

Circular active area (smallest cells)
» No corners (with lower field)
+ Hexagonal cells arranged in
honeycomb configuration

7.5um

Lower Rq Microcells separated Finished SiPM
- For even faster recharge by trenches (7.5 um) (10 um)
Capacitive coupling between 500 MHz BW 1,000 .
: -
cathode and output _ Decreasing FF s
1 \ - 12.5 micron £
Eh'li * 10 micron % DCR
‘s 08 S * 7.5 micron | T s
3 4 : (20 °C)
5 06 + 34ns & 100
2 —! je- )
2 o4 ; Recharge talil ‘Ef 9.7.5 um
: !
T #-10 um
0.2 .
. / * +12.5um
| eees———"
0 10 20 30 40 10 0 5 10
Time [ns] Over-voltage (V)
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Trends in analog SiPM - tiny cells

+ Contacts
+ Resistor

Reduction of all the feature sizes < UHD technol ogy

SEM images

Reduction of the active-to-border
distance (L)

Circular active area (smallest cells)
» No corners (with lower field)
+ Hexagonal cells arranged in
honeycomb configuration

7.5um

Lower Rq Microcells separated Finished SiPM
- For even faster recharge by trenches (7.5 um) (10 um)
45%
Capacitive coupling between 200 MHz BW 0% | -®75um - | 1
cathode and output s |-e10um L | ._:.-"._._.q
, o 0
1 \ A = 12.5 micron €304 ©12.5um | ._‘..--.._...._
S + 10 micron Ifl LA : pedrs A
S 08 f-i |+ 7.5 micron | o 25% i '.":.l”.._." i
= . | 9 0 | .
2 06 -+ 34ns o 20% 2%
£ mia R s Q 15% ‘c . | | - |
:EL 0.4 . Recharge talil 10% .# | | | pDE @ |
W ¥ 3 5% @ | | - 915 nm |
0 10 _ 20 30 40 0 2 4 6 8 10 12
Time [ns] Over-voltage (V)
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" Trends in analog SiPM - tiny cells

GC GDR AG - Torino - IFD 2015

-:>(

| 1 I

Measurements after lrradiation N

- FBK 1 mm? 12 micron cell with thin epitaxial layer

~2.2E14 1 MeV
eq. n/cm?

Measured at T= 23 Celsius

- Small bias shift of 0.5V
- Low PDE change
- Dark current 1 mA/mm?

- Gain reduction due to
self heating of the device

Response vs Bias Voltage
3.0€-08

® 1.3E14 p/cm*2, E=24 GeV B
@ 1E11 pfcm*2, E=62 MeV
o 2.3E-08 ®
g,
I [ ]
O 1.5E-08 = L
2 @
a . -
= ©
7.5E-09
< = <
® &
0.0E+00 ® 2
32 R 34 35 36
. Bias [V
0.5 V Vgp shift 81V
PDE vs Overvoltage
s ® 1.3E14 p/fcm*Z, E=24 GeV
® 1E11 pfcm*”2, E=62 MeV
g 2250 - @
S Small ph. .
& 1500 @
3 change ;* -«
= g *‘
= e
Z 750 b
™ ®
: ()
0
a 0.45 0.9 1.35 1.8

V-VB [V]

3.0E-08

2.3E-08

1.5E-08

Amplitude [a.u.]

7.5E-09

0.0E+00

1E-02

1E-03

1E-04

1E-05

Dark Current [A]

8

1E-07

1E-08

Response vs Overvoltage

® 1.3E14 p/cm*2, E=24 GeV
® 1E11 p/cm"2, E=62 MeV

Amplitude
'l change

@ =]
®
®
@ L
2 L
0 0.45 0.9 1.35 1.8
V-VB [V]

Leakage Current

® 1.3E14 p/em*2; E=24 GeV ‘
® 1E11 p/cm™2, E=62 MeV

DCR

increase
L) L = g =
k)
[ ]
0 0.45 0.9 1.35 1.8
V-VB [V]

Presented by A. Heering at the Pisa Meeting 2015




Applications of tiny cells
=

Calorimetry
« CMS calorimeter Phase Il Upgrade - R&D funding.
+ Reduced non-linearity at high energy thanks to high cell density and
fast recharge time.
+ Reduced correlated noise.

Applications requiring radiation hardness
« Small cells are less sensitive to the effects of radiation damage.
+ CMS calorimeter Phase || Upgrade.

Prompt Gamma Imaging in Proton Therapy

« Requires larger dynamic range with respect to typical SIPM
applications in medical imaging (PET, SPECT..).
* High-rate.

GC GDR AG - Torino - IFD 2015
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= Trends in analog SiPM - low T

GC GDR AG - Torino - IFD 2015

Functional characterization of
NUV-HD FBK Silicon
Photomultipliers from

300 Kto 40 K

Alberto Gola, ""Fabio Acerbi, VAlessandro Ferri, 2 George Korga,
3 Andrea Mandarano, ""Giovanni Paternoster, " Claudio Piemonte,
49 Alessandro Razeto, ""Veronica Regazzoni, ¥ Davide Sablone,
3 Claudio Savarese, ""Nicola Zorzi

—>< Devices Under Test INFN

BHUND KESSLER

(@ room T) Std. field Std. field Low -field
Cell Size 25 pim 25 i 25 pm
Fill Factor 7 3% T3%0 T3%
Breakdown “Joltage 28 W 265 5 W 32N
Max PDE 45%0 50%0 50%0
Peak PDE A 550 nim 410 nrm 410
DCR (20°C) < 300 kHZz/mm? < 150 KkHz/mm? < 150 kHZz/mm?
nCT 20%0 25%0 25%
DeCT + AP 209¢

20% 29%
Tested Devices Optimized for low
temperature operation




= Trends in analog SiPM - low T

= )
£ DCR / mm? vs. Temperature
1.E+06
m- Std. field-0OV=4V
1.E+05 m 5td. field-OV =5V E
@ Std. field - OV =6V i
1.E+04 ¢ Low field-0OvV=4V i g
e Low field-0OV =5V 5y ’ |
— 1.E+03 @ Low field-OV =6V YT > 7 ﬂr.ders of
£ o ® magnitude |
E 1.E+02 H_,Q_--
P
I ] e “
‘jg 1.E+01 Standard field s _g.- o xponential
© 1.E+00 L — I:.I a E aspect to
- aER m srature.
II
1.E-01 R g
1.-02 e @ g% Low-field

§.g g8 S r
1.E-03
0 50 100 150 200 250 300

A 10x10 cm? SiPM array would have a total DCR < 100 Hz!

GC GDR AG - Torino - IFD 2015

November 4, 2015 Alberto Gola — NSS 2015
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Trends in

analog SiPM - low T

Signal shape

Signal Amplitue (uA)

1.E-01

1.E-02

1.E-03

35%

Afterpulsing probabillity
[ - L) [ *] d
o wn - w a
Fd s &£ 4 F

w
F

7

The fast peak
is preserved

v

50
Time (ns)

—T = 40K
—T = 120K
—T = 200K

100

Zoom of the first part

T0%

co PDE variation with T

50%
éﬂﬂ% Lahddh dihdid s 2 * 0. .g.9 "
; 0%
: 20% 400 nm

NUNV-HDZ2 LF
0% 25 um cell
02
0 L1} 100 150 200 250 300

of the SCR Temperature (K)
After-pulsing
35%
o® s QV=3V s DV=3V
‘e eOV=4V 30% eOV=4V
@ e OV=5V = «OV=5V
"‘fg s OV=6V = 5% e OV=6Y
™ * 2
gL 2 0%
ol
.y . > .
.-..ﬂ' i o9
= l.- ..-', Elﬂ% B.- .ﬂo
. - a® =L a-.. .
" _e . o g
- ®og 5% an_ o s
. . -=t.i- * sy "-..iﬁ
et - & ae s ‘iﬁa
- B—p-_0 0% e =T ale cBeg®
S0 100 150 200 250 300 S0 100 150 200 250 300
Temperature [K) Temperature (K}
Standard field Low-field
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= Trends in analog SiPM - low T

GC GDR AG - Torino - IFD 2015

The DCR of the NUV-HD LF is extremely low: < 10 mHz / mmZ.
It is possible to build 100 cm? SiPM tiles with DCR < 100 Hz!

The correlated noise is under control, also thanks to the increase of the
recharge time constant. The signal amplitude is not attenuated at cryogenic
temperatures.

It is possible to readout a 10 cm? SiPM tile with one electronic channel,
obtaining relatively fast signal and photon counting capability.

[ Neasurement carried out by
_Razeto (LNGS) and Korga (Houston) @ LNGS

Single-photon spectrum visible!!
- low noise
- very uniform behavior of the SiPMslI

MNovember 4, 2015 Alberto Gola — NS5 2015
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GM-SSPD
w/ compound semiconductors

50



r New generation of SSPDs — Compound
GaAs Photomultiplier Chips™ Harmond -

NDIP 2014

3 mm x 3 mm die
«~— 3Imm ——>

light Sypin “Jechnologies, |nc. 16

Radiation Hardness Radiation Hardness
GaAs vs. silicon GalnP vs. silicon

1,000
l w 10,000,000
400X
M“" e MM\
ons
e

100 \\_-__
protons
——]

100,000 -
0.1 1 10 100

Particle Energy (MeV)

1,000,000

Improvement factor of
GaAs compared to silicon

10

:
Improvement factor of
GalnP compared to silicon

0.1 1 10 100

GC GDR AG - Torino - IFD 2015

Particle Energy (MeV)
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New generation of SSPDs — Compound

Current [A]

|-\ curves

Packaged 1.0 mm x 1.0 mm array

i A
M o Al A - ad b o
1o 15 20
Time (ns)

n
o

5

Harmond - NDIP 2014

1.0€-02 1.0E+06 200
1.0E-03 1.0E+05
+ 0.5 %x 1.5 mm? 150
1.0E-04 . 270 SPADs 1.0E+04 =
1.0E-05 1.0E+03 E o
£ M
1.0E-06 1.0E402 ‘m oo
U] B w
1.0E-07 1.0E+01 =]
>
1.0E-08 1.0E+00 o
1.0E-09 1.0E-01
€= Dark
1.0E-10 1.0E-02 =50
-60 -50 -40 -30 -20
BIAS [V]
509
45%,
=
o A0%
c -
@ 35%
S 20% /
& “"
25%
E
- 20
=
o 15%
|
S 10%
5%
0%
350 450 550 650 750

Wavelength (nm)

ngﬂé pin ‘]E-ch nologies, IE

850

Photon Number resolving

25000

~-56,2V 12kHz 5ns 5,75V
envelope

20000
0.5 mm x 1.0 mm array

Counts
=} g

5000

0 0.01

Pulse Height (a.u.)

0.02 0.03

DE vs. DCR @ 770 nm

5.0%

4.5%

4.0%

3.5%

3.0%

2.5%

2.0%

1.5%

Detection Efficiency

0.5% *

0.0%

1.0% *

* ¥ ¢
e *
*
*
*
+* .
*
*
L 4
&
3 4 5 [ 7 B
DCR (Mcps/mm?)
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Organic Semiconductors
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SSPDs - Organic Semiconductors

Highest Occuped Lowest Unoccupied

Two types HOMO/LUMO levels

‘Small molecules’ M ~ <800 Polymers Energy Molecular Orbital

7" (Lumoy

Q o p || — 1" [Lumo) . .
T (Luma) T jLuma)
. P
R’ + Band Gap
FOLYFLUMORERE
= 1000
ra + ) rra— &
- S T 7 towo)
— _:— . =, . A
f P ' [V —Tr_'.'[[HUHOJ ‘l’

n\‘“ﬂ: (HOMO)

T (HOMD)

bl

(Dl Number of reasons
St B LDk D, | D, *
m:@ Covion PPY co-polymars
- .. .. = 2N
Vacum deposition Liquid deposition n
Ethylene Butadiene Octatetraene Polyacethylene

e Conjugation

(alternating single/double bonds) T EEwn f
— electron delocalization s = _
- 5 bonds - linking molecules - B -5 5
: : ALIn Mg —|--——-———-————— B aaETEREE X
- 1 bonds - electronic properties T x ey B E
e Charge Transfer: Sn /5“/_ _ f____ . Lif,,..:T o
- small molecules: hopping An x T ~ aNPD#nPc
lymers: delocalisation Sz 2= ¥ § F ¥ Fentacens
- poO . R R B L i i e
poly - ‘pcp cBP t FTCHI
along HOMO/LUMO bands N e Fis-CuPc
| == xrcoa
= Band gap samples
T NTcpATR gap P
FyTOCNQ

M. Koch et al., Appl. Surf. Sci. 2003, 82, 70 34



r SSPDs - Organic Semiconductors

GC GDR AG - Torino - IFD 2015

Carrier mobilities in organic thin films

Materal

Electron (e} or hole {h)  Reference

mahilities (cm® /(17 =])

Organic
Folythiophene (spin-coated hilms) 14— 102 (h) [21]
Folythiophene (aligned by drawing methad)
parallel to the alignment direction 0.9 = 10~ (h) [22]
perpendicular to the zlignment direction T4 #1074 [h) [22]
Felythiophene (printed) 0.1 [h) [20]
MDMO-PEY /PCBM (spin-coated films) 24 1077 — 54 1070 [h), [23]
241075 — 4= 1077 (&) [23]
QNigathiophene (1 — 0.5 (h) [24]
Fentacene [polyerystallineg) (3 — 1.0 (h) [25]
Fentacene [single crystal) 2.0 [h) [26]
Anorganic
c-Si 1400 [&), 480 (k] [27]
c-GaAs 8000 (e}, 400 (k) [28]

Bonnassieux - NDIP 2011

55



r SSPDs - Organic Semiconductors

GC GDR AG - Torino - IFD 2015

Photo-Detector operating principles

photon absorption, creating excitons  Excitons = bound hole/electron pairs

%
o

EXCITON GEMERATION

L
| | % | | EXCITON DEIFFUSION

| |r' I | EXCITON DESSOCIATION

T ; ?
= L
s ~ CARRIER SEFARATION

l l CARRIER TRANSPORT
= e seceper H
eckhiniitiaeciation e ‘ﬁ—[:[l_b_—- DELIVERY TO

EXTERNAL CIRCLIT

Typical exciton diffusion length in conjugated polymers: L;~10nm
(Optimum domains length ~2L,)

Organic PD

Organic PD
on glass

PRHT B Too Elecrode

—

E rred 1 I
B FEHTPCEM Bl T Subsvate
BN FEDoTRES

5. Tedde ef al., Nano Letters 3 (3), 980 (20039)

85% @ 550nm

on plastic

A

EDI.'., \

'\

Multibarrier PET Foil

[

400 S00 Goo Too 8OO

Wavelength [nm]
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r SSPDs - Organic Semiconductors

GC GDR AG - Torino - IFD 2015

Photo-Detector operating principles

Statistics over 100 devices

1u_1 L 1 1 i. ® L 1
0 . e : :
:;1 . . ~ Dark currents ]
B 532 nm @ T80 pWem? " Bl T
Jo : == .
10°] = -
— 4 : : gmu: %
g 1074 = ’ M wan
10° 5
S 0t - -
E e - Photocuments
= 10 " gm . ]
Q 1{]'3 : ?Fﬂantiuaru ,EMS- l ]
[ ] cm? .
10—9 e e e e ® 1 $
5 4 3 2 1 & Eoe e
Voltage (V) TV
5 ﬁw
. T 4
Organic PD
. 80
on plastic
= oo
E 40

Au or ITO
Multibarrier PET Foil

Organic PD
on glass

PRHT B Too Elecrode

—

B RrEu o
I FEHTPCBN Blerd I:IIZI .
I FEDOTRES

5. Tedde ef al., Nano Letters 3 (3), 980 (20039)

85% @ 550nm

A

ol \

'\

[

400 500 800 700 800
Wavelength [nm]
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= New generation of SSPDs - OPD

Printed OPD devices on large area (Genl)

380mm
» m |r| " "
JI J " i ot
. Iy W n
E | !
§ " lqll " 'I "
!
L s n " "
" " n B "
image from CEA/SORG . [ imoge from CEA/SORS . 1B
Fully printed OPD devices (>1000/sheet) Custom printed OPD designs

"1

CEA and ISORG (www.isorg.fr)

GC GDR AG - Torino - IFD 2015
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= New generation of SSPDs - OPD

GC GDR AG - Torino - IFD 2015

- Fully solution-processed and flexible visible
imager (OTFT + OPD),

- Collaboration between CEA/ISORG/plastic Logic
(Flexi Award 2014),

= Demo substrate size: 50x50mm,

- 96x96 pixels, Cxganic Thin Fim Tansbenr

- Pixel size = 175um, Flewible phistic substeate

< Pixels spacing = 200pum (<30um for next demo),

- Process compatible with large area.

CEA and ISORG (www.isorg.fr)
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r SSPDs - Organic Semiconductors

- IFD 2015

GC GDR AG - Torino

Organic advantages

Metallic and semiconducting properties by doping High absorption coefficients of organic materials,

Combination of plastic with electronic properties

Property engineering
Solubility 1 organmic solvents, variable processibilify

Low-cost production

Use of printing technologies
No vacuum and no hagh temperature processes

Disadvantages

» Low integrated devices and circuits
* Degeneration in O,- and H,O-atmosphere ( - need passivation)

Integration with CMOS

The combination of organic semiconductors with a CMOS-chup offers advantages
compared with a conventional CMOS-sensor:

high photosensitivity -> fill factors up to 100 %

wavelength tunability > sensors for infrared/ultraviolet region

mexpensive fabrication

subwavelength grading for optimized performance and polarization sensitivity

v e € @
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SSPDs - CNT-Si heterojunction

CNT-Si PIN photodiode

A significant resonant

Sviluppo di un fotorivel di grande area, Romaz
tunneling effect below Coati ng pixsilatoe a singolo fotons, sensibile LY oo irversy
the 2.4V junction threshold s
has been observed in a oNTs. Moor20 '_.w
FBK silicon large area carbon - ™.
substrate nanotube - silicon (CNT'SI) Smum]' s.,w_\ silicon bt
heterojunction obtained o 153

by growing a continuous i ‘

multiwall carbon nanotubes O T

layer on an n-doped silicon » Great

substrate insulated w/ Si,N, w7888 |  uniformity
—i~ over large

Y position (mm)

o’ [+ area
(a) AuPt electrodes X position {mm)
a) o b) 0.5
R i i ; The junction presents
2., 3. P rectifying properties
H H P with a 2.4 V threshold to
g i the flow of reverse
o £ P : current, a strong
. “%0 oz o4 o8 oz 10 phOtosenSitiVity to
Laser power (mW) light radiation with a
» o) 60 10 wavelength between 378
o byt P and 980 nm, a very
L Eﬁ_ - o] /\ broad plateau extended
e - b= T vte over a large range of
i= N 03’ i drain voltage and good
:_ﬁ - photoresponsivity
g BRI R *%s00 a0 s e 700 b0 00 1000 linearity versus light

Dirain Voltage (V) Wavelength (nm)

intensity.
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- New generation of SSPDs - Si-CNT

Main Scientific Challenges

GC GDR AG - Torino - IFD 2015

Vs0a(V)

104 7.=337.1 nm
: W = 70 puJ / pulse
Repetition rate = 10 Hz

0,8 4 Pulse shape = 300 ps

06+

0.4 - —— Signal7V
——— Signal12V
— Signal18V

e L

0,04

T T T T . ; , T

- . = ——r .
200  -100 0 100 200 300 400 500
Time (ns)

Signals generated by pulsed light

[0 QRN - ey

Au-Pt
electrode
2-4p
EDﬂpfﬁ
510,+Si;N
p-epi layer et e
n*/p junctions

Tinti A. et al. NIM 2011, A629.
Ambrosio, A.; Aramo, C et al:. JINST 2012, 7, P08013.

Aramo C. et al: Beilstein J. Nanotech. 2015, 6, 704-710.

Future

=Y

Increase quantum efficiency > 50% due to
the photoresponsivity enhancement from
MWCNT absorbance, in the wavelength range
200-400 nm.

Absorbance (A.U.)

Decrease dark noise thanks to the internal
amplification due to  hetero-junction
MWCNT/Si = increase the device area (cm?
or more VS mm? SiPM).

0.0+ o |
0 450 80 |60 700 80 900 1000
Visvaiength (nm)

MWOCNT bottom-up technology > cells (pad
or strip) hundreds of nm up to mm VS 15 um
up to 100 um for SiPM.

Maximizes the sensitive area for photo-
conversion and its uniformity = Electric field
applied via a conductive coating.

¥ position (mm)

CNT-SiPM

Graphene vs CNT

> New SiPM structure for high temperature tolerance
> The CNT grown directly on the device surface
Sensitive surface for every pixel (MWCNT-Si hetero-junction)
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GC GDR AG - Torino

Superconducting
Single Photon Detectors
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r New generation of SSPDs - "SSPD”

Superconducting Nanowire Single Photon Detectors

Y

/

I

Yyyy

—
-
—-I
~,
A3
\J

(iii)

— |
-
YYYYYY
I =
YYYY
—
=
e
YYYYYY

Evolution in time of the normal region (in red)\
generated by a photon absorption in a current
biased super-conduting nano-wire

Black arrows indicate the current

When the entire cross section is normal the
nano-wire temporarily switch to resistive state

G.P.Pepe et al - SPIN-CNR Napoli /

Cryostat

cryptography single-molecule
identification

SNSPD

freespace :
» ultra-sensitive

communication
- fast

CMOS devices

quantum dot radiation debugging
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r New generation of SSPDs - SNSPD

SNSPDs working principle: exploit the fast and temporary phase transition
from the superconducting to the normal state produced by any type of
radiation (photons, ions, neutral particles, electrons....)

w&uper(s;ff

y

\ <4mmm The wide energy range
covered by superconductors
InGaAs

=]
.

~ | hormalized to peak sensitivity

—_
1

GaP

GaAsP

200 400 600 800 1000 1200 1400 1600 1800
Wavelength [nm]

Relative sensitivity [a.u.]

Si Ge

(TTK)

=
—

SNSPD features:

Efficiency Jitter Dark Max count Operation
- free-running (no gate) @ 1550 nm (ps) counts rate temperature
- few ns dead- t|me WSI 90% 150 1 kHz 200 MHz <

- photon counting

G.P.Pepe et al - SPIN-CNR Napoli

GC GDR AG - Torino - IFD 2015



" New generation of SSPDs - SNSPD

ercond. Sci. Technol. 25 (2012) 063001

Topical Rer

(4]

(2) 1005 —a—" 830nm ' 510
L —e—1310nm
I gp g S p—
jol THT1580NM |, . aaa—amd L
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I o’ ] -—" ”~ 3
—_— L il " =
§ 1 %—-—.,/' S /./'/ Z » 110
L - }
g _.’/. ././ /\_, —— ] 2
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- m <
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800 / .\
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200 i i
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- G.P.Pepe et al - SPIN-CNR Napoli
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" New generation of SSPDs - SNSPD

IFD 2015

GC GDR AG - Torino -

Best results for WSi SNSPD sample

- System detection efficiency (>90%),
- Low dark count rate (<1 c.p.s.),

- Low timing jitter (<100 ps)

- Short reset time (<100 ns)

G.P.Pepe et al — Nature Photonics 2013

SDE (20)

SDCR, DDCR (c.p.s.) o

100

80 +

O™
L
|

SDE__ g A

Bias current, [, (uA)

SDCR

1 2 3 4
Bias current, [, (MA)



[ Conclusions

GC GDR AG - Torino - IFD 2015

Solid state PDs, lively field, trends in many directions
— Silicon continuous improvements (ruthless)
— Compound Semicond. no show-stopper but cost
- Organic Semicond. not easy bet as it may seem

Vacuum PDs are not dead at all
-~ new photo-cathodes
-~ more and more hybrids

Gaseous PD focused on RICH
- still promising (single UV photon over large area)
- hybrids and new structures
— Visible light more critical than UV
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Additional material
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! Photo-detection and Main Parameters

GC GDR AG - Torino - IFD 2015

multi-step process

e Photo Conversion \

Emission in vacuum:
@ - low detection efficiency
. - low dark count rate

e Primary Charge carrier
Collection and Transport

e Charge Multiplication

Internal charge multiplication:
© - better Signal/Noise ratio

@ - intrinsic fluctuations
in amplitude and timing

e Primary/Secondary
Charge Collection

e Photo-detection efficiency (PDE)

e Sensitivity spectrum

- Active area / Fill factor

- QE (internal/external)

- primary carrier transport eff.
- multiplication efficiency

e Signal resolution

- gain - amplitude fluctuations
(single photon sensitivity)

- timing fluctuations

- spatial resolution

Noise
intrinsic: dark charge generation
multiplication noise

correlated: after-pulsing, cross talk
- external: electronics ENC

e Rate capability

- dead time, double pulse resolution
- gain - photon/ion feedback

- gain - space charge effects

- gain - sparks

e Ageing e Environmental
- Photo-cathode - Operation in B field
degradation - Operation in vacuum

- rad. tolerance - Low Temperature -,



r Photo-extraction

Solid materials (usually semiconductors)

semiconductor 96 vacuum

absorbed ¥'s impart energy to electrons (e) in
the material; If E, > E,, electrons are lifted to
conductance band.

- In a Si-photodiode, these electrons can | P E, = band gap
create a photocurrent. = Photon detected by - ‘

E,= electron
affinity

However, if the detection method requires " h . (Photonis]
extraction of the electron, 2 more steps must be

accomplished:

energized e’s diffuse through the material, losing part of their energy (~“random walk) due to
electron-phonon scattering. AE ~ 0.05 eV per collision. Free path between 2 collisions A, ™~ 2.5
-5 nm -2 escape depth A~ some tens of nm.

only e's reaching the surface with sufficient excess energy escape from it

GC GDR AG - Torino - IFD 2015



r Photo-extraction - organics

GC GDR AG - Torino - IFD 2015

Combination of Donor and Acceptor material

hv

CW Tang, Appl. Phys. Lett. 1985, 48, 183

s N 'if.'f:__
- . %?..__E
Accegtor 2 AL Ceghor
1. Light Absorption - n_,, 2. Exciton Diffusion- ngp
ey e

3. Exciton Dissociation - ney 4. Charge Collection- ng

Neae™ Nabs Nep Net Nee
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[ Photo-detection steps

' Detector window

1. Photo-electric conversion with  “external”

' ISSi ' . ccinn Photo-Cathod
or without emission in vacuum photo-emission * sleteio 8

Emission in vacuum implies vacum, e- :
@ - low detection efficiency ‘internaiiphotosemi>sion; & f%"
= e —_ 1 ¢
‘» low dark count rate |
...source of differences between +T | & W, WP N ,
vacuum and solid state devices s s a e R

including multiplication mechanisms...

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)

GC GDR AG - Torino - IFD 2015
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Tipsy

GC GDR AG - Torino - IFD 2015

e e

window + photo cathode

Ultra thin planar dynode membranes

vacuurm

CMOS pixel chip

Thin (—=10 nm), planar dynodes, spaced ~ 30 pm

CMOS pixel chip, square pitch ~ 55 pm

Electron crossing time ~ 5 ps: straight short path due to homogeneous E-field
With gain of ~ 30 k- digital (1 V) signal on pixel input pad (small source cap)
Very strong electric field between dynodes, but far away from Fowler-Nordheim limit
B-field has little influence since Lorentz force is small wrt. electrostatic force
Signal development on pixel chip defined by crossing of the last gap (~ 2 ps)
No 1on feedback (not even a little bit)

Noise-free electron multiplier

No bias current: no bias current noise or bias current dissipation

radiation hard

“the best electron is a free electron”




" New generation of Charge Multipliers

GC GDR AG - Torino - IFD 2015

MCP PMT

7=\ Borosilicate Substrate Atomic Layer
s Deposited Microchannel Plates

r:::-::a|::~illar'_«,.r arrays (Incom) with 10pm, 20 pm or 40um pores (8° bias) — borosilicate glass.
I/d typically 60:1, but can be much larger. Open area ratios from 60% to 83%. Fabricated with
using hollow tubes (no etching). Separate resistive and secondary emissive layers are applied
(ANL, Arradiance) using atomic layer deposition to allow these to function as MCPs. ALD
secondary emissive layers can also be applied to "standard” MCPs to improve yield.

A0pum pore borosilicate micro-
capillary MCP with 83% open area.
Photo of a 20 pym pore, 65%

open area borosilicate micro-

: : . capillary ALD MCP (20cm). e
Pore distortions at multifiber e { : Photo of a 10 pm pore, 60% open area
boundaries, otherwise very uniform. borosilicate micro-capillary ALD MCFP.

O.Siegmund - Application of AL-Deposited MCP to imaging PD with High Time Resolutoin - NDIP 2014
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- RICH 2013

G.Collazuol

Large Area Photo-Detectors - H-APD

moderate "Bombardment” gain + low avalanche gain

.a-"'"'---.-

//

T
""'\-\.\_‘_\“\‘.
_— '""---J/ﬁvalancneﬁain:xsu \ LHF:.I

e

|lll-
|

S _ q ( / "'\
Total Gain: ~1075 — @_, - j

Bombardment: x4500 at Photoelectron /
;F Energ_. of 20keV, S/N: 67 //

'--.___ ___,-o-""'

Inciedent
Light

Electron Multiplier ( Avalanche Diode) Inside of Avalanche Diode

cf. Super Kamiokande Type PMT
1% Dynode Gain: x5, S/MN: 2.2

HPD

_ Incident
v" has a simpler sfructure Light

Phaotoeleciron

v Is expected to save production costs

+" have better S/N but lower gain.

Electron Multipher (Dynodes)

Developements (Hamamatsu) for various Cherenkov based detectors
- Belle II ARICH (baseline) S.Nishida at RICH 2013

- Hyper-Kamiokande (option) s.Hirota at RICH 2013



r New generation of Charge Multipliers
Hybrids - Megapixels

-photon counting capability

GAP < 1mm photon
27 fps 1 10% Pixels 500 fps { 10° Pixels o % photocathode—
. =t F‘l"ll'_'ll'.r.'l—-EI-Eﬂl'.rl'.“ll'l: : BSI CMOS
_ carrier XY £

= I
) L

1-2 cmd — 100 Pizels

PHOTONIS
EBMIMOSAS E

R. Barbier, et al.. Nucl Instr. and Merh. A {2011).
LUSIPHER
e S doi- 10 1M & nima 20 1.04.018

g
LEmdkveae O FAME =2 pn |

?'“— -u -

w4

“ I[ |

--w— R

me—— d |

- B

. |2

=] i " 1
LN i i M,
Py 1 “lll 3 - i
Q .

Esas s en INTEVAC |

E Ligital Image Intensiher (Di<) ' INTEVAC
. |
o :gﬂ;m_{:z-i {S_LEA]
= -5 THiCron Standard Halo
S GaAs Cathode X
1 45 Ipdrnm
(&9 < 400 mW
> 10-bit parallel
a Halo suppression
o EZNERA Ll sl imags inksrmadm e
O Rem Sarbler, NDIP 2011, Lyon, France, July 4.8 Teanieln - e
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r New generation of GPDs - Hybrids

GC GDR AG - Torino - IFD 2015
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R&D ongoing on gas mixture and IBF, possible

application in visible GPD (UHV matenals)

A. Di Mauro- Status and perspectives of GPD - RICH 2013



r Gaseous Photo-detectors (UV)

GC GDR AG - Torino - IFD 2015

Experiment

RICH configuration/
Cherenkov radiator

Trigger rates

Photodetector type/
area

K. Leitelach et al., NIM-A 433 (1997), 201
| PC substrate: 55+ RSG graphite spray

J. Friese et al., NIM-A 438 (199%), 84

HMPID RICH

HADES @ G5l Mirror focusing/ e+/e-0.1-1.5 GeV/c ~ 10° Hz MWPC/
CFogas 1.5 m?2
COMPASS @ Mirror focusing/ /K. 3-55 GeV/c ~ 5x10* Hz MWPC/
CERN/SPS CFpgas ([beam rate 40 MHz) 5.5 m*
HALL-A @ Proximity focusing/ /¥ 0.8-2.4 GeV/c 10° Hz MWPC/
JLAB CF,,liquid 1.2 m?
ALICE @ LHC | Proximity focusing/ n/K 1.5-3 GeV/c 104 Hz MWPC/
CF,,liquid K/p 2-5 GeV/c 10.5 m?

YooV Gabe\:mgﬂpn: i é = ug:‘g"

Cathoda wires S0um E 2 o

One the few relevant Photo-detector developments pushed by LHC
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_’ UDH SiPM FBK

=3¢

FORDATIONE
CHAIR LG

Summary of layouts

Cell size (um) Equivalent | Cell density | Fill Factor (L | Fill Factor (L
square cell | (cellsimm?) = 1.25 um)
(um)
5 7 20530 57.1% 40.3%
10 93 11550 68.1% 24%
12.5 1.6 7400 74 5% 62.1%

L=0.75um

GC GDR AG - Torino - IFD 2015

November 3, 2015

Layout of different microcells.

Alberto Gola — NS5 2015
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- RICH 2013

G.Collazuol

Dark current vs T

e Two sources (SHR-TAT, BBT)
e Affecting mainly the high field region

Noise mainly comes from the high E Field
region (no whole depletion region)

1) Generation/Recombination
SRH noise (enhanced by

T : trap assisted tunnelin
_,E: FBK devices . P 9)
103 * 1.5 _Eact
é IreverseNT eXp
L ' CB Conventional KBT
. constant AV . ' SRH positive T
10 ® AV=5V ° Y, e coefficient
. AV_3V ® VB i tunneling
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
% CB
2 negative T
1o : : : : | coefficient
50 100 150 200 250 300
< x10 > < x1000 »TfKJ
Tunneling noise dominating for T<200K E field engineering is
(sharp high E field region - higher noise) crucial for min. DCR

vB 81




[ Optimizing signal shape for timing

Single cell model - (R ||C,)+(R,[|C,)
SiPM + load - (||Z )IIC .+ Z

load

Signal = SlOW puISe (Td (rise),TsIow (fall)) +
+ fast pulse (14 (rise), Trast (ra)

s et ek
)
@

g
Ty (risey™~ Ry(C,+C,) [intrinsic]
®Trost (ral) = Riad Cioe  (FASt; parasitic spike):
*Toow ray = Ry (Cq+Cy) (slow; cell recovery) o k L gt
F.Corsi, et al. NIM A572 (2007) 416 mic,?,ce,, \\ e “grid”
capacitance

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

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

e Fall: Sum of 2 exponentials: transient + recovery

¥/> 0 C, - R,u C, -

" V(Z,): ( q eTFAST_I_ eTSLOW) for R, _<<Rg

§ | E:gg:g where Q = AV (C +C,) is the total charge released by the cell
i q ~ 'prompt’ charge on Cis Q.= Q C/(C +C,)

S

© AV(C +C
8 ..H Gain still well G = fdz‘ V(t) = Q/qe = ( d q)
O 0 I' II I' T lsem?® defined: 9e Rigaa 9
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| Pulse shape parameters

G.Collazuol - RICH 2013

49

C —t

Rload

Cy

C, &

-~ Q ( q T ot e'c:lotw) _ QRload Cq e% + e"szow)
_ — T T
Cq+Cd Ctot Rq Cq+Cd Cq+Cd fast slow
Note: valid for
low impedance load
G = [d Vi) _ 0l = AV(C,+C,) independent R <<Rq
qeRload ‘ Of RCl
® Tt = Rigag Coot
. Qslow Cd ® Tsiow — I:{q (Cq+Cd)
— charge ratio 0 C
fast q

max

C,= 10fF

C.=C,

C. = 10pF

R = 400kQ

R = 50Q

y  —peakvoltageonR_, 77 ~R

— peak height ratio

(Qfast_l_Qslow dependent on R_
00d > Tpase T (increasing with 1/R )

slow

Vmax C C R
slow . d e 4 increasing with C, and 1/R_
Vie — CyR,

Increasing C /C, or/and R /R,
-~ spike enhancement - better timing

— slow recovery tail suppressed

- reduced baseline fluctuations 83




r SSPDs - Organic Semiconductors

- IFD 2015

GC GDR AG - Torino

Organic advantages

Metallic and semiconducting properties by doping High absorption coefficients of organic materials,

Combination of plastic with electronic properties

Property engineering
Solubility 1 organmic solvents, variable processibilify

Low-cost production

Use of printing technologies
No vacuum and no hagh temperature processes

Disadvantages

. Low integrated devices and circuits Long-term stability is still a critical point

* Degeneration in O,- and H,O-atmosphere

Integration with CMOS

The combination of organic semiconductors with a CMOS-chup offers advantages
compared with a conventional CMOS-sensor:

high photosensitivity -> fill factors up to 100 %

wavelength tunability > sensors for infrared/ultraviolet region

mexpensive fabrication

subwavelength grading for optimized performance and polarization sensitivity

v e € @
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_r Timing (single photon) vs Area

b a0

G.Collazuol - Siena - IDPASC 2013
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_r Market price
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