_' V Scuola Nazionale LNL 16 aprile 2013

Photo-detectors
technologies at comparison and in perspective

G.Collazuol
Dipartimento di Fisica ed Astronomia

Universita di Padova

Overview

- Introduction

- Principles, characteristics and some developments of
- vacuum based detectors (focusing on PMT)

- solid state detectors (focusing on Silicon PM)
- Comparisons



r Photo-detection steps

| ' Detector window

1. Photo-electric conversion with  “externa

' ISSI ' . e « ~ ,Photo-Cathod
or without emission in vacuum photoemission /"%

Vacuum

Emission in vacuum implies e-
© - low detection efficiency 'internal” photoemission £ 55/
: 1.

‘ -~ low dark count rate

...source of main differences between | e St o
vacuum and semiconductor devices e
also concerning multiplication...

depletion—"
region

2. Internal charge multiplication

Charge multiplication in the device implies
‘ - better S/N

‘ — intrinsic fluctuations in amplitude and timing
(depending on the multiplication method)
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_' Photo-detector family tree

Gas
External photoemission
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_r Vacuum based Photo-Detectors

Based on two fundamental phenomena:

1) photo-emission 2) secondary emission
Connection to
Focusing Anode electrodes via
Window electrodes mesh f&?jﬂ“ﬂfﬂalom
| <IN |
| D =) / =
L . |
“;D\'T —G)‘__: 357 9111
l @ ol LR o W
Light _— 2 \-r \_. 14 Vacuum
source A - 8 10 1 -
I oy !
Semitransparent Electron multiplier Glass envelope
photocathode dynodes 1 to 14

layer
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_r Vacuum PD fundamental parameters
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Photo-Detection Efficiency

QE
CE

~ PDE = QE ~ CE

= collection efficiency -G =g.9 g
19, G

Gain and
Signal formation

= quantum efficiency Noise sources

- Dark count

g, = single stage gain - After-Pulsing

Amplitude (number of photons)

fluctuations in

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



_r Photo Detection Efficiency (PDE)

#emitted photo-electrons #ph.e captured by 1% dynode

#incident photons \ / #emitted ph.e
PDE = QE X CE

Quantum Efficiency with 6 types of Photocathodes ' o
100 ; : =
—— —— Ph to cathode/\determlnes
(Bialkali} (GaAsP | (Gahs] S
[csT = SN e 7
s'e{ /% > \ {/ e quantum efficiency QE(A)
10 7 /1 ~~ s~ || ExtendedRed
/ [ == A ~ Multialkali (S-25
q /] 7 NN - = '(\\ ) e angular and momentum
W / Y] [— N[ X distribution of 1*
-~ o | / [Multialkali (5-20) |\ hot lect
2 1 \ / \ \ ‘ photo-electron
0 \—/ \ N\
Z \ \ \ : :
- \/ \ \ * noise behavior
Q < \K . \ S
g ~ ~ \/ o \ 7 0w \)‘#
N o1 VUV UV Visible Infra-Red | o part of timing fluctuations
= 100 200 300 400 500 600 700 800 900 1000
(18}
g Wavelength (nm)
O
wn

Photo-cathode: most crucial element in any PMT type
— 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
(2)

(1) (3)
Input window photon
r CB
Photo cathode D } (2) E
F—_—————-
2 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
ﬁ band bending (BB) near reach the surface keeping
d interface then also drift sufficient energy E to escape

. (outward BB help escape) EEUSU3|I|Y I:E <0-5f)f_ ity (EA)
- . > electron affini
B AbSOFptIOﬂ and During transport : EA = E vacuum - E CyB bulk
& Excitation 1) E loss (thermalization) (work function for metals)
- down towards bottom CB by

§
9
E /W{/E(C/E//aﬁgly / R = reflection coeff. is  gcattering (hundreds of Longest wavelength cutoff in
//////////// // a function of angle of  (qjjisions) QE due to Ebandgap + EA
(O]

incidence and

(é)..._..@mmspom W polarization 2) Electron losses due to: Special semiconductor

- g e trapping due to inward BB  threatment - negative EA

g @ ape/a = fraction of the at vacuum interface or

8 absorbed electrons that outward BB at window itface \
are excited above the ¢ recombination due to VL from bulk
vacuum level (VL) impurities (cristallinity is a e

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

surface

qa .. P 1 I/L = photon absorption
L states

length over electron

QE - (1 - R) " l/ scattering length (wide
1+ o/
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range 1-10%) The lower [ /L
the less recombination




r Photocathodes

Most efficient bulk material for photocathode are semiconductors

Metal photocathodes show much lower QE 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 bandgap - only energy loss via electron-phonon - small /L

e work function @ > 2eV (metals) compares with smaller E, (few 0.1eV)
or (even better) negative in semiconductors (NEA)
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W.E.Spicer, A.Herrera-Gomez SLAC-PUB-6306 (1993)



r Photocathodes — Negative Electron Affinity
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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

Ev
+
+
+ 1onized Cs
+

- d Q
-+ ‘ =X
e R.Martinelli, D.G.Fisher IEEE Procs 62 (1974)
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1) Bi/Multi-alkali-antimonides

- K/Na + Sb in bulk + Cs/Rb at surface

- poly-cristalline layers w/ high carrier lifetime
— very good absorbers for photons 200-850nm
eg. Na,Sb, K,Sb (Bialkali), Na,KSb (S20, S25)

Weak points:

e recombination centers in poly-crystalline struct.

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

Trapped

photo
?“ T Emitted photo electron

-
E — \ Vacuum level

Fermi level

Window Photo cathode Vacuum

Examples:

- S20 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?)

Most common photocathodes

2) III-V semiconductors

- GaAs, GaAsP bulk + Cs for NEA
— very pure mono-crystalline layers
— easy doping and hetero junctions

Reflected
electron
AlGaAs CB

b
lh. GaAs Conductance band
Electron \ Vacuum level

mirror

m/ GaAs Valence MHN
Window mmr GaAs active layer Vacuum
Weak points:

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

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

burn any cathode

— ultra high vacuum (10° mbar) needed 10



r Most recent high QE photocathodes

100

Semiconductor crystal photocathode

— UBA —— GaAsP
A ¥ 17 N\ GaAs

AN Vs NI R

% N 1

Quantum efficiency (%)
o

\ |

\
| :\ k_

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

Hamamatsu - HPK
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r Future photocathodes -

Photocathode

1) Search for new photocathode (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
- Piezoelectrically enhanced PC (no Cs)
- Electric field assisted emission

Secondary glegtyans,—
'.E /4 - anti-reflecting structures (eg
B- nanowires)

E R R LA s N A e L L
photon Cross-section of pilla b ”%g'-mi.:-‘b_ B ATH I e i

’ f ;’T"‘ -‘!,'1:"
- "

Al absorber

©

CsO photocathode

Photocathode Workshop
University of Chicago July 2009
http://psec.uchicago.edu/photocathodeConference/
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_r Gain mechanisms: electron multiplication
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Secondary emission from n dynodes - primary ph.e. multiplication

G ; __ #electrons delivered to the anode
alin = #ph.e captured by 1 dynode

dynode gain g~3-50 (function of incoming electron energy E)
- total gain G = g,9, ... g_~ g"
Example: 10 dynodes with g=4 - g = 41° ~10°

ot
N\ Window Potential difference
Pt / H ﬂ Anode :ﬂ between
st it m _ ' S ' adjacent dynodes
i L T _ typically
AV ~ 100V

Focusing
Electrode

Uﬂll:age Dropping

e l

Power Supply

13



_r Secondary electr
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on

multiplication

ESCAPE PROBABILITY

SECONDARY EMISSION RATIO §)

ic
MgO 20k
0.4 = “ Tal™ -8
a 4.:':0 - |2'1]0 EEIUD
03 \ESCAPE FUNCTION Eo -6
No.OF EXCITED
Eq =400V ELECTRONS
oz -1 4
E o= 1200V
T — E,:,.IIED'D‘IJ _
i .hN\*""‘"——-—=I- | o
0 20 40 60 80 100 120
DEPTH-NANOMETERS
520532303
100 T
/GaP: Cs
4
A..-.
Na -K-Bs‘-Sb//
K—'Ca -Shb
IO v 0535'}
7
1] 1 T
"=ﬂ'°; Cs _ATu-BeQ-Cs
nb—t:s-SEj L/
3 "4
- r.
R rd
!/ lf'
1L &
o] 100 1000

ACCELERATING VOLTAGE OF PRIMARY
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? 5> (3 ~ H\/9" g = dynode gain

a = 0.65-0.75

: ,4‘*1'"'*"""'&-‘&

Al O
20

20A
30A

Slade Jokela (ANL)
0 T T T T
o] 2(‘)0 4[‘)0 :

600 800

Primary Electron Energy (eV)
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Electron mu

ltiplier types

discrete multiplication

S S S S

\%}\\\ ( :

venetian blind box & grid

~ g 0000

linear focus

PDE
(CE)

Gain Timing B field

4 - 0000

90000

cl
|
o
|
ol
|
d
=]

: “.

metal channel

"\\
7

...plus @ number of variants...

continuous multiplication

micro-channel plate (MCP)

N

window with photocathode |

a dual MCP -
Chevron config.

ATV ANANRAN
(g

v
CHANNEL WALL
OUTPUT
INPUT ELECTRODE
ELECTRON
R OUTPUT
N\ 7= ELECTRONS
INPUT ELECTRODE #
STRIP CURRENT
i - “Continuous”
lamamatsu o
t dynode chain

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

Pore length: 400um

PHOTONIS
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_r Gain fluctuations: single electron spectrum
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Secondary emission process —» large amplitude fluctuations
-~ measure single electron response (SER) in amplitude

2
SER relative 94 L1
variance A° 2,184 2.8,.8,
- - - - \
Main contribution is from 1t dynode

~ improvement when higher V, |

Excess Noise Factor (ENF)
for a multiplication process

Multiplication

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

=
A DU
"l."r.;.,-_?.'l .
A .

7™, SER

+ resolution -
‘<P

rl

_%. w3

e i
AW
‘o

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.

2 2 .
ENF — Oozutput — 1+O_j\42 A/nOISG
0-inpm‘ M
ENF in the case of PMT:
ENF=1+ s 1 4 4 1
g £1& g18,.8,

SER variance is multiplicat

ijon variance !

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% dynode
1 .. anyway the price is higher dark noise
PMT (Hamamatsu R5600) NIM 112 (1974) 121
2. [ NIM A 461 (2001) 587 ; 1pe
s W o T PMT (RCA 8850)
o ;2;73335 T 0.447 . ' 2pe  lstdynode made of GaP(Cs)
7 = E NEA
Zpe B, = 0204 % 0.007 3 TR Y
3\ X = 662.473/ 659 3 .. 4 3pe
mz;E ‘: l‘ 4pe - 5 | 5
a3 4pe
N B

o )
= =
© ©
o) )
) J)
. .
o o
c c
> >
© O
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e energy
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Gain and photo-conversion fluctuations

- Amplitude resolution (eg in Energy measurement)

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

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

Question: how to measure Ny ?
Answer: must measure QE, CE, G and ENF before !

1) measure QE from the ratio of cathode currents I for PMT and calibrated detector (known QE)
- QE = QE_, I./1. ., (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, /I. (need calibrated neutral filter when counting single ph.e)

3) measure G from SER - G = <A>
Alternative: measure G x CE from ratio between anode and cathode currents - G x CE =1, /I

4) measure ENF from SER relative variance
- %4 JENF-I
- =

18
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Dynamic range - pul

se linearity

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 photocathode recharge (eg at low T) « cathode current saturation

FIME NESH

- b
o

TYPE

¥ ™

INEA-EORCUSED TYPE 7

et

Deviation (%)
=)

Deviation from ideal line

(%)

101

Resistor Ratios

1ot IH:»“- -30

-

PMT output / peak current (mA)

— anode

10 10? 10°
Anode Current (mA)

Tapered
voltage divider

K.Arisaka — PMT lecture at IEEE NSS 2012 (Anaheim)

________1________

______.:__________

\\@\\\\ ans

—

U_\?'UL.UU.Jd_I'FUQJUL.UGJ

dpy

(b)
Flyckt and Marmorier -

Anode shape: grid positioned close to the last
dynode - allow high electric field between

the last dynode and anode —» reduce the
space charge effect in the last stage

“"PMT principles and applications”
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_r Dynamic range - pulse linearity

Passive Voltage Divider

S

_| _‘-' o 3- -1 g' o 5
‘\\WI’_\\/‘*‘\K’“\;’_‘\/_\ 1) Tapered
I l = ~ g voltage divider
) l 3 l . ®a  reduces effects
= - due to space-charge
2R 24 R R R R R =~ R -~ R
NN AT AT AT A A A A A AN
I.l Ip- I, Ig-gl, I5-g’L, I5-2°I, Ig-g'l, Ig5-2°1, I5-2°1 Ig-27I, I- I,
0
b,

THY 2) Charge storage
" ] o capacitors give
=) Active Voltage Divider prompt charge
(@]
= I
(@]
N | |1 11 | |1 | | )
o Iy l ~ Sy H H a 3) Transistors
= [705T {8’ o .
o e _%{_.% ol a ?ff 0 | keep constant
g IR R 2 R 2 R T ¥ Y S# T 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)
= ET L el Tl e Tein 2R 2R 2R R ynode potentia
S 0"k o B ToBlk ToBlk TorElk 05 1 _ independent of the
% 1 l 0 To T . divider current
U Camin et al - GAP note 63 (1998) °
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_r Effects
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of magnetic fields

RELATIVE GAIM

| I |
SUPFLY YOLTAGE - 2000V
1|:||:| _-'E'-'-""--
e
P an®
S
*<
Y
10-1 — —
- Y
- ¢ \sl_ -\\.
0 NN
= \
i e
- s
| MAGHNETIC o S
S FLUX .
—  t  DENSITY Y
103 | | N
0 025 080 07E 1.0 T 1.5
MAGHETIC FLUX DENSITY (Tesia)
\
I e —— —-——%‘ ——————————
B L Solid
Q9 i State
E)’ MCP!
o Fing PMT i
Metal I'-.r'llgseh ! "
] ’ )
. Channel ':.
\ I‘.
1 1\
k: i "
000 T T T T
1 100 1000 10000

Magnefic Field (Gauss)

HPD
APD

RELATIVE QUTPUT (%)

120 T
110 - 28 mm dia.
P SIDE - ON TYPE
1.0
100 | —ol== -_#,la.m_ér - -
’i " 'h‘
o I v S I Y
1 3
80 o 1 1 >
. £arth B-Field,
70 ’ ! | 1
! 1
" 1 I “
I [} ' L)
Eﬂ I $ LY
' ! b
50 ' V| 13mmda. Y
b v| HEAD-OM TYPE
: v (LIHEAH-FDGUSED N
40 : TYPE DYNODE
: ¥
30 M 1
fl 38 mm dia. *
20 HEAD-ON TYPE %
/ (SROULARCAGE ) AL
I TYPE DYNODE .
REEREREREE
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)



! Dark Noise sources in PMT
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COUNT RATE

o

10

10

Pulse height < 0.2 ph.e

— thermal emission from dynodes

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

Small pulses

Pulse height ~ 1 ph.e
- single thermal electrons (shot noise) from photocathode
- field emission (1/f noise) from photocathode

Single
alectron
pulses
Pulse height > 2 ph.e
— ion bombardment on photocathode
| (see afterpulses, correlated noise)
! Large pulses - light glow from anode
1 ] ! ! (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

22



_r Dark Noise (HV and T dependence)
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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

. _-—y =i
L) o o
B [y} [ag]

DARK COUNTS (s7)
=

104

101

109

bod

TP OBOSIEER
HEAD-ON TYPE |
EgE-ﬂE:E-EN FFE MULTIALKALI
"l".'.
/ GaAs
/ i ~.
-HEAD-ON TYPE
LOW-NOISE BIALKALI
SIDE-ONTYPE /]
MULTIALKALI =%  SIDE-ON TYPE
S .. LOW-NOISE BIALKALI
B o —20 0 20

TEMPERATURE (*C)

40
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_r Dark Counts - typical rates
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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?

24
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Afterpulses — correlated noise

Spurious signals correlated with the photon arrival may appear:

Note: afterpulses and

~ 0.02 (1) Afterpulses stem from
) - ionisation of the residual gas anode glow consist in
sl L. - .
-5 I atoms or those adsorbed by additional delayed signal
— B the 1°* dynode surface
~0.015} — ion feedback delay 100ns -
> — 10|J.S
G ate pulses” due to
(3) “lat | "duet
® 1% photo-electron
F inelastic or
0.01 | EMI 9350 elastic
H | E | \ : back-scattering
L = A -4 on 1* dynode
T - .""‘i..,u '-. E
0.00skim H %
& ; "‘H”I |
§ HI“ W‘ PO
I 40 60 80 160 180 200 220 240

0 _
0051152

K.Arisaka — IEEE NSS 2012

100 120 340

% l“i

| (2) “"Glow"”, ie luminescence
of the dynodes (last
stages/anode more probable)

— delay ~ transit time

ol i e

160 180 200 220 240

M (= 1]
5‘“} XP 2020
(4) “pre-pulses” due to

photon converting
on 1% dynode

MWJ

EUWEJZIEEIWHJ‘IEUHEI

Time, ns
“Photoelectron backscattering in vacuum phototubes”

B.K.Lubsandorzhiev et al 25



_r Timing resolution — Single electron response

<Transit Time> = sum of <time of flight> between stages K-Dy_-...Dy -A
TT =1t + t + ...+t (ignoring charge induction Dy _— A)

K-Dy1 Dy1-Dy2 Dyn-A
/ \ o / p \\

2 DylDy2 | O'DyDy \
TT fluctuations - timing Jltter OTT el \KDy/] |

g1 \81<g_1)/

cathode — 1St dynode
main contributions / )\/

1%t - 2" dynode

Note: time of flight of the following
stages are sampled many times

| DELTA- (due to multiplication)
™ Eﬂl:lTl%ﬂH - little contribution
2
= Pulse width - rate limit
o
e \/ 2 2
2 At ey ~N N Opyp, +O0p, 4
P
3 Note: 1) the front stages give little
3 contribution to pulse width
@ TME -~ time resolution is independent of
E —,1 frequency response of the PMT
N |
© |
3 " TRANSIT TIME —- FWRM—= 2) LC ringing and RC usually affect
0 jitter 6) signal fall front



_r Single photon timing resolution

1°* high gain dynode

S.K.Poultney - “single photon detection and timing”
strongly reduce time jitter

2 \
main contribution < T y \gl( _1) | In P_MT for fast timing:
depends on — / dedicated dynode shapes
P ——=__ allow compensation of different
1) electrode geometry o | “A time of flight along different paths
2) electric fields Despite time of flight between adjacent dynodes
equalization, residual (eg linear focus multiplier)
3) proces_s C.)f time difference across
photoemission at cathode photocathode area O(100ps)
1077
e Small contribution from fluctuations of T 0T e ,
™ time lag due to photocathode response —_— £e “’”O ________________ " fg_a‘i"ff"i’%
S (relevant only for NEA cathodes) Eg ‘0_1‘ Lo
= e Important contribution from the = . Lo
- different velocities of emitted electrons =i R Semoraic LA
o S5 107 e and insulatorg M 1!
m = I 1 I [}
S W= hlvgy) 33 s L
N Okpyi N W a4 v,= freq. of photocathode threshold Q= 0 pe--- : Lo
Z | — N P
9 L kpyi q.V kp,r ¥ ddp between cathode S I S S S
o and 1° dynode A L R
n Yield (electrons/photon)
E ‘ single photon time resolution O_
= 1) depends on wavelength (improves at long wavelengths)
) . .
O 2) lower limit for 0. 2150ps
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_r Single photon timing resolution

hle} T T
56 CWVP

start: 1 phe
L stop: XP 22 LED 1 -1
. nJ
S|ng|e ph.e 723 % 15 nm T]; O-TT V
time spectra dependences
for incident light . 6s0=1:0 nm
. 104 .
at different g
wavelengths S i
% 570% 20 nrn
§ ' TYPE NO. ;: R2059
= 102
—
= 103 |
i TRANSIT TIME
LT
_
o 05— 510 B -5+ IRt |+ 101
8 CHANNEL NUMBER
= 104 M.Moszynski NIM 141 (1977) 319 _
- 56DUVP i
FWHM =
Q n photocathode L
: s 1 = i RISE TIME | |
r_
ke .
N
2 05 Jg1 1DCI T
(18] ; ﬁ
Ie) &wo_-ﬂ 5 accelerating ﬁh
0 2 g1 T.T.S.
O b = A
(0)] 82
2 elecironic tter i
o) Anm) | 2
3 T T — av ! dy,p
o 300 400 500 BOO Yy l(
= d¥y
8 Bebelaar Rev Sci Instr 57 (1986) %(ﬂdy‘ 200 1000 1500 2000 2500 3000
U]

SUPPLY VOLTAGE (V)



_' Single photon timing resolution

Slower rise front

without screening -

grid at anode E ________

E
]
I | SUPFLY VOLTAGE=-800 V
AISE TIME= 151 s

0 dy., FALL TIME=2651 pa
5 WD TH=3 163 ps
cj FL=5) £
Z | i i ] o i
-
o
e
% Basitian a TIME (2 me=foiv . )
Z . -
= screening grid
(@]
g Anode
e
>
N
©
>
O
U}
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_r Micro Channel Plates - MCP-PMT

}incoming photon Tiny electron multipliers
' Diameter 20pum, 10pm, 6um, 3um

”\i\\\\\x\\\\\ Ty -ength ~ O(500um)

o | TG
L High Gain
| G ~10° for two-stage type
Can operate under %/ery Fast time Respons\
magnetic field Rise time < 500ps |
o_ < 50ps
Position measurement \\1 P ///

— —

- analog charge division

- Multi-anode readout

- Strip-lines readout

—-a_~ O(mm), not intrinsic

Large Area
- recent developments
cheap production: ALD on glass

Noise Ageing
quite low noise ~ 0.1 Hz/cm? ion feed-back on cathode
(Rb,K contamination) — recent improvements

G.Collazuol - Scuola Nazionale LNL 2013



r MCP - single photon timing resolution

G.Collazuol - Scuola Nazionale LNL 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

ol

KA \,_% : wJI; .

\Wﬁxﬁl_ Vio

\ : A~
b

’ Q‘
— ﬂ@

| Inductance of the ground return

Ramo Theorem RC filter

==
iy

Responsa (normalised)

* o
Single Photon
L P 16-averaged
i P Sampling: 18 GS/s
AN TT5=10
Risz Time L ps
el 11:7 + ) EE
95ps| o . 0 ¢ 32umpore MCP
L85 —F6um pore MCP
T 1|:|::c-p JII:.I:m iﬂ][;uﬂp ' 4|:|::|:-;:.
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

Typical Timing resolution:
5ingle Photoelectron Time Transit Spread: 10ps

31
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MCP - single photon timing resolution

Orrg (PS)

(c)

40

35

20

25

20

1400 1800

(&) 1000 2200
(b) TDC (ch/0.814ps)
107 50
40 [}
i & Ji_ O/
1| 5 obrasat
ra P
@ 10° — g H]/D/L
i }_ s ﬂ o
Y & -
B
3 10 _
) counter 1 O counter 1_ () counter 1
] counter 2 ] counter 2 (] counter 2
: e 10° : 0 '
3.2 3.4 3.6 3.8 3.2 3.4 3.6 3.8 3.2 3.4 3.6 3.8
HV (KV) (d) HV (KV) (@) 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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_' Timing - Imaging devices

Multi-anodes PMTs  Silicon-PMTs [10] Micro-Channel Plates [1]

Dynodes Quenched Geiger in Silicon Micro-Pores

Foch =l x
Heat]

g Quantum Eff. 30% YUY 30%

o Collection Eff. 0% 70% 70%

- Rise-time 0.5-1ns 250ps 50-500ps

% Timing resolution (1PE) 150ps 100ps 20-30ps

N Pixel size 2x2mm? 50x50um? 1.5x1.5mm?

= Dark counts 1-10Hz 1-10MHz/pixel 1Hz-1kHz/cm? Recovery
S Dead time 5ns 100-500ns 1us < Time
N Magnetic field no Ves 15kG

g Radiation hardness 1kRad=noisex10 good (a-5i, Al,O,)

%

3 J.F.Genat, LAPPD Electronics Workshop (2012)
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Large Area Pico-second Photodetectors

pore

Ll

- Porous glass
—Resistive coating ~100nm (ALD)

—Emissive coating ~ 20nm (ALD)

onductive coating

(thermal evaporation or sputtering PN &

. _ T s
~ 33mm plate 8x8" plate .
e RF strip-line anodes
—- « 50 Q impedance
N\ » 1.6-0.4GHz bandwidth
H TopWindow
Photocathode

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

2 mmmm
| 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 — PIN diode

One of the simplest kind of photodiodes is the p-i-n photodiode
— intrinsic piece of semiconductor sandwiched
between two heavily (oppositely) doped regions

o— 0
INSULATION MEGATIVE
EF%HEEE LAYER ELECTRODE
DEPLETION LAYER  (CATHODE)
The two charge sheets on the n+ (ANODE] - : ," "
and p+ sides produce an electric field \ _/ /
— separate charges produced SHORT Tl 6
in the depleted region WAVELENGTH ™ " Mfy-1-+0 o
(even without an external E field) INCIDENT LIGHT g’;---@[‘?
LONG ! -
WAVELENGTH ™~~~ T~
A ,—
P-LAYER i N
/
Charge are separated and swept to terminals N-LAYER

— can be detected as an (induced) current
provided that they did not recombine

35



Solid state devices

4

Current (A)

APD: avalanche photo-diode

e Bias V., (Vaop <V <Vy,)

e Linear Mode/ AMPLIFIER device
e Multiplication < 103 (lim. by fluctuations)

e Sensitivity ~ 5 ph.e

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

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

10™

GM

Dark current

AY

[
»

vAPD

A

full depletion

1
B
»
» |
1
1

0 5 10 15 20

25

Reverse voltage (V)

1 i 1
30 35

40

45

&

basis for building alternative to PMT

APD

hvc>

MO

TT p+_3-|_

: >
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: 010° (lim. by C)

e Single ph.e. resolution
e Limited by dark count rate

e Need Reset (Quenching) e



_r The Silicon PM: array of GM-APD

G.Collazuol - Scuola Nazionale LNL 2013

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

guench

Al electrode

2-4p
EDDHT

5 epi layer \ | Si0,+5i;N,

n*/p junctions

Indmadual surface resistors

Metal (Al) grid

SIPM Pixels of the SiPM

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

> of binary signals —» analog signal

Q=Q1+Q2=2*\Q1

metal

—t

=substrate

Output O number incident photons

37



L 2013

Close up of a cell (custom process)

log I

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%-80%)

' Optical
isolation
(cross-talk)

Shallow n* layer i '
O(100 nm)

Abrupt junction
1

Trench 1 (filled)

(fully) depleted region
O(um)

n epitaxial \

Substrate
low resistivity contact
O(500 pm)

Active volume Critical region:

multiplication e N0 micro-plasma's e Leakage current
£ ond eventual high quality epitaxial e Surface charges
total leakage § breakdown | e doping / E field profile e Guard Ring for
§ at egde engineering - preventing early
V edge-breakdown
y - isolating cells
________________ B oS -— - tuning E field shape
multiplied bulk —impact on Fill Factor

unmultiplied
perimeter
leakage:I~ V.

leakage:I~gain-DCR
N(V - Vbias)2

bias



r Operation principle of a GM-APD

Avalanche processes in semiconductors S SO !
are studied in detail since the '60 for ?

0]
modeling micro-plasma instabilities . 1-,,-“.)%_ _________________
MciIntyre JAP 32 (1961), Haitz JAP 35 (1964) 0 M

and Ruegg IEEE TED 14 (1967)

:
currents / external ’ E
H
i

;
|
P
[l
| WR 1 As ;
1 i
LU q yﬂ._ﬁ' ;
) V )i Cd Vbias v %
(o) bd T _ Yy N
= I
(@] R %
d
F16. 3. Shape of current pulse for 6, (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 Vg,s With time constant R C =1

recovery

G.Collazuol - Scuola Nazionale LNL 2013



r Operation principle of a GM-APD

Avalanche processes in semiconductors . !
are studied in detail since the '60 for ?

I
modeling micro-plasma instabilities . To = % ______________
MciIntyre JAP 32 (1961), Haitz JAP 35 (1964) E M

and Ruegg IEEE TED 14 (1967)

| ik APD . GM-APD
: R:
= -
: ol .
i %
: v ‘ﬁa e
i
s Vﬂ \ ¥16. 3. Shape of current pulse for €, r: (7o)

: avalanche triggered, switch closed C, discharges
to V,4 with a time constant R,C,= T,..,. atthe same time the

external current asymptotic grows to (V,.-V,s)/(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 Vg,s With time constant R, C, = 1

recovery

G.Collazuol - Scuola Nazionale LNL 2013
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G.Collazuol

Passive Quenching: tread-off 1 VS T

quench recovery

A

latch

1]
o
»

If R, is high h the int I ti low that
fast quenching oIS high enoug e internal current is so low tha

Iy < 5 statistical fluctuations may quench the avalanche

proper quenching
Ry ~ hundreds kQ
t [SQC-I]

Haitz JAP 35 (1964)

L

N

4 > \&'—
10

quenching time too long F%% N
(and fluctuating) bad hi 6 j//// .
S ad quenching 10 _Zé h

l

RQ too small\t\lm
t Pio
> 102

no quenching
T N | 1
R, by far too small ° 20 40 60 [uA]
t I ——»
). 153G. 2. Turnoff probability per second as function of pulse cu

T AL



r Basic electrical model and signal shape

1-exp(-t/14)

{

P4

G.Collazuol - Scuola Nazionale LNL

Diode (capacitor) currents / external
and slow recharge
/W
charge stored defines Gain " I R,
- Gain ~ C AV (@] Vbd)i CGI__ __Q/bias
AV =V__-V_, "Over-Voltage” = T
a) R,
i
IIatch ‘ 77777777777777
e Fall time (recovery)

| < 1,= R,C,

Gain - linear with AV (2 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

42



r SiPM equivalent circuit and pulse shape

G.Collazuol - Scuola Nazionale LNL @13

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

grid load

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

sIov.v_h.: . -

]1
11
@)

g

T4 (rise) ™~ Ry (C+Cy)
ol ray = Riad Cooe  (fAst; parasitic spike):
*T 0w ray = Ry (Cy+Cy) (slow; cell recovery) e k 1’ e oarasitic

microcell \ microcells “grid”

capacitance
Cq - fast current supply path in the beginning of avalanche
Sp.Charge Rd x Cd,q filtered by parasitic
L ¥ e Rise: Exponential inductance, stray C, ... (Low Pass)

¥/>
V(t)

Gain

e Fall: Sum of 2 exponentials: transient + recovery

—t —t
Q ( Cq e‘cFAST+Rload Cd

Tstow
= C ) for R,
C+C, C R, C+C,

<< Rqg
tot

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

AU

still well G = [ dt

i - o — - 4 —

— —defined: q e paa q.
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U

0.0z

10ns

By [vion v i s sy s E‘ij‘.ﬂns o vl x—ﬁsmvi ] \ :
o .ZO.VONYQ : 4 19,400 % ‘ ‘ ' 4
HPK MPPC
008 p
T= 785K
£ o006t
% 0. - tail 25 ns
£ tail 210 ns
=
=1
e
o
L

0.0

100 150
Time (ns)

(a}

200

250

E 004

E 003

R e L st S

T v 39.2000ns 5

005

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 Ceiq couple to Rq(T)

load

H.Otono, et al. PD0O7

ceelieesioesoiocoM10.0NsS A Chd \-T2.4mV-
: 20.0mve: . “

G 2h.amie - sed e
; ! T i+739.2000n8 oz

_T:

“M10.0ns A Ch1 \~77.6mv-

TES K
205 K

high pass filter / shaping
-~ recover fast signhals

S oz
H 0.01
=
S 000
00, T 20 00 20 40
Time (ns)
{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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Note e extended CMOS processes exploited
o careful design of cell isolation and guard ring

G.Collazuol - Scuola Nazionale LNL 2013

Key elements for CMOS SiPMs

Close u p Of a CM OS Cel I e APD cell isolation from CMOS circuitry

e guard ring (again)

shallow isolation

APD integration into CMOS
Example of implementation

(STI/LOCOS)

contact
with
buried
layer

optical window

T.Frach in US patent 2010/0127314

APD cell isolated
_y by multiple wells
from CMQOS circuitry

epitaxial p

SA

| Example of
| NMOS FET
| of the RO

electronics

p** substrate

deep isolation trench

(ox

ide/polysilicon filling)

buried isolation layer substrate
(also protection from substrate (gettering sites)
radiation induced carriers) 45
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S

- — - .
:

) . H
- — . *
: M

: H

: i

: :

. wew -

- :

©

L < PO, AR
] DH\VEH s
Q :

.......

., buffer
unench———‘ M I
from quench
control logic L

Active Quenching (CMOS process)

1 Basic circuit elements:
m 16 T Vquench o - -
¥ ORI — I e 1) quench circuit to dete_ct and stop the

: ) avalanche and restore bias conditions
S—++—=— 2) buffer (low capacitive load) for isolating the
"""""""" APD from the external electronics capacitance

! N I> : Vou Configuration with anode to ground potential

is best: only C,, is involved - minimum RC load

-~ 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

TN
To

e 1@ CHATG €
spad_enable

= to readout

6T
SRAM

i

TTELLLA LI RN AR R R Y

Tl eastl

» Cell electronics area:
» 25 transistors including 6T SRAM

» ~6% of total cell area

ﬂF + Modified 0.18um 5M CMOS

i ===+ Foundry: NXP Nijmegen

120um?

buffer - simple inverter as
input signal is already digital

dSiPM cell electronics

* Cell area ~ 30x50um?
* Fill Factor ~ 50%

T.Frach at LIGHT 2011 46



_FAnang vs Digital SiPM

Analog Silicon Photomultiplier

Vbias

Readout ASIC

Discriminator HTDC === Time
DJ: Shaper H | —ADCi—P Energy
SiIPM 4 dSiPM provides a ke

digital timestamp and
the photon count for

Digital Silicon Photomultiplier

Z Vo each light pulse,

5 without the need of

1S - __| Detector + Readout any analog front-end

Z £ L electronics "
L) Recharge -

o : Trigger |

3 . = - Tme%

—'g > L0 L Energy

8

U]



_r Fundamental SiPM parameters

- Scuola Nazionale LNL 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

afterpulses ——
optical cross-talk
\

Gain, Signal formation and
/ Dynamic Range - Linearity

carriers (thermal / tunneling

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

pulses triggered by non-photo-generated

carriers can be trapped during
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

PDE=QE+ P, +*¢
QE = quantum efficiency
P,, = avalanche triggering prob.

€ = geometrical fill factor

Related to the photo-generation and
to the avalanche propagation

T Photo-detection efficiency

™ Time resolution

48



r Pulse shape, Gain and Noise

Waveform (Dark noise)

G.Collazuol - Scuola Nazionale LNL 2013

600

500

400

300

200

100

ly M M—wﬁw MH#WMHFH#"% ﬂhm
Pulse shape 0.1 | SN ,-'J' i,
! 2 i |
1. fast component i | - | o '
(parasitic transient) - l 1 double ‘ _
= signal |
2. slow component due to : \ (opgtical \
(99% recovery time ~100ns) talk : :
os LB _ cross-talk) single cell signal
single cell signal + 2 afterpulses
Charge Spectrum -G-ﬁlc-ﬂ? ] 1e-07 Ecl-':]? 3ae-07 A7 Ec.--!:? Sa-07
Teme (=)
i illumination w/ LED _
~ 3pe excellent charge Gain
f_ N resolytion _(few%) 5 OE+06 - linear up to AV~5V
- ~ uniformity of ~ proper quenching
= 2pe cell to cell response 1.6E+06
= \ ] T=22°
~ 1pe true single ph.e | 12:0-
E_ \ J 880E+05- V f
;_Op\e ' Slope =
o e/ | 40805 | l Cd+Cq ~ 80fF

NOTE: gain easily measured

‘ 0.0E+00

31

33 34 35 36
Bias Voltage (V)

32



! Gain and fluctuations

2.0E+06 -

Slope -
measurement
of Cd+Cq

G=AV(C,+C,)lq,

— Gain is linear if AV in quenching regime

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

1.6E+06

Gain

8.0E+05 A

4 .0E+05

SiPM gain fluctuations (intrinsic) differ 0.0E+00 . . . . |
in nature compared to APD where the 4 32 Bias Voltage (v) % %
statistical process of internal amplification
shows a characteristic fluctuations SES MEPhIPULSARAPD, U=57.5V, T=-28 C

) AKCGH to cell

~ 0G — 0 Vbd o 0 qu uniformity (active 10000 _

= G +V C area and volume) : fluctyations

° / bd dg  control at % level 0% jl Y

© r AR

C o 1 r

§ e doping densities (Poisson): EL 41 A

< oV, , = 0.3V o y;&;

o Shockley, Sol. State Ele. 2 (1961) 35 10 & »p" S

e doping, epitaxial, oxide (processing): ﬁ‘ bd Cee

S oV, ,~ 0(0.1V) 1 - et —e—tes

§ 0 100 200 300 400

s In addition 3G might be due to fluctuations in quenching time ch.ADC

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

200

50



_r Dynamic range and non-linearity

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 | @’ e* | Saturation
- o= 3 | &\’(_A L
* Due to finite number of £ &l PR
. - E T TS 1
cells - signal saturation 3 ,@0 o’ |
E O
(oQ‘,G' |
=t I
* Correction possible BUT
0.1 . ——rr e S

—~ degraded resolution T i R i

Number of photoslectrons

N PDE
— __photon eg: 20% deviation from linearity
A= Nﬁredcells =N, Ul-e Niotar ) if 50% of cells respond
mmmp Best working conditions: N o< Ny cens

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

G.Collazuol - Scuola Nazionale LNL 2013
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_r High dynamic range new SiPMs

G.Collazuol - Scuola Nazionale LNL 2013

Latest MPPC tiny cell by Hamamatsu

Different types available or
in preparation:

o tiny cells
- HPK, FBK, NDL, MPI-LL
e micro cells :_ 20 ns
- Zecotek, AmpliticationTech o

20 pm cell pitch 15 um cell pitch

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

SiPMs NDL (Bejiing)

o 3000 |
;E —=I|deal linearity line
Zhang et al NIM A621 (2010) 116 S 2500 + SiPM response
Han at NDIP 2011 % 2000 ~ .
e type: n-on-p, Bulk Rq S % 1500 .
¢ high cell density (10000/mm?) = 1000 ~°
o fast recovery (5ns) -
) o~ 5 500
e [ow gain dynamic % / Measurements by Y.Musienko
range = 0
-~ radiation 0 500 1000 1500 2000 2500
hardness N, xPDE

52



r Reverse I-V —» Dark Current and V_,

G.Collazuol - Scuola Nazionale LNL 2013

Iddrk fHAJ

10

10

10

10

10

!02 -

Reverse I-V characteristics at fixed T

Dark current decreases rapidly with T

at rate ~ x2 / 10K

20

F/'t.= T 71
' linegy”,
‘C(v
295K . bresy )
) dOW
p Y % n
Breakdown Voltage vs T
258K S 4 [ I I : : :
E FBK devices ’
236K ) S - / -1
4 32 ///
223K : 20 v 109
e
173K 28 e
> 1 0.8
. 26 .
123K e
Py e 07
| : : | | i 22 e
22.5 25 27.5 30 325 35 L
20 e -1 0.6
.
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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Dark current vs T sources of DCR

I (nA)

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

10° L

10°

10

10

10

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

— 1) Generation/Recombination

SRH noise (enhanced by

50

oy dévices trap assisted tunneling)
. _E
* Ir ~T15exp act
L] . CB Conventional KBT
constant AV . SRH sositive T
® AV=5V * Y, e coefficient
8 ®* AV=IV “\
3 g T EG
X
2) Band-to-band Tunneling
noise (strong dependence on
o the Electric field profile)
Q CB
negative T
| | : | | coefficient
100 150 200 250 300
x10 x1000 I'(K)
- o S A

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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r Dark Count Rate
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eDCR - 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)

KETEK PM 3350 (p*-on-n, shallow junction)
3x3mm? active area pixel size 50x50 pum?

KETEK

1000

ey
e

Dark Count Rate f [kHz.I'mmz]

Critical issues:

e quality of epitaxial layer
e gettering techniques

e Electric field engineering

Exelitas 1% generation SiPM 2011
(p*-on-n) 1x1mm?
1000

/ E ¢100um,GE=74% ¢ 100um, GE =52%
I y w
i T 800 m50um,GE=51% 0O50um, GE =39%
tandard an rendc o
£ S Sandard e m—art | 2 25 um, GE = 29%
100 ! ! . o Tlrench Ty,fpe I—-Flt | — 3 600 H—
0 10 20 30 40 50 g - O
/ Relative Overvoltage [%)] £ 400 :‘3’ -
S u O
~ 1 - = L 4 %O Du
V,, ~ 25V F.Wiest — AIDA 2012 at DESY : 500 %5"5.3@'30
5 ot gaiiBOCe" Exelit
8 . o+ guunt? xelitas
Lateﬁt Id-lan;?)rllw:tsu deZV|ces 0 5 10 15
reached ~ z/mm / Over Voltage (V)
HPK claiming for additional Vo ~ 140V p Berard - NDIP 2011
improvements coming

(HPK at LIGHT 2011)
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_r After-Pulsing Carrier trapping and delayed release

.\
\.\
t l S
e —_
Deep T - P

level —t+ At Pafterpulsing <t) c T

cB

.eXp(_t/t). [z ~Few % level
501 [QVZ/\ at 300K

avalanche triggering probability
\ OAV(t)
VB

T : trap lifetime
depends on trap level position

quadratic
dependence

P_: trap capture probability N
on

Ocarrier flux (current) during avalanche 0OAV

ON traps Temperature (°C) -
ot | | 20 0 -20 x
™M o experimental data = ' ] ' —-
S ) it — sl i Z
N fast E a
- i .
= _ oaetl  \COMponents - - Ty
= Y @ 1051 4 ol
2 3 > f 1 =4
c & £ - 1 ©
2 £ B R 1 o1
N S 2l slow £ el ] 83
Ox10™ £ 1 3 = . <
z components : i <G
E ' ] s
2 | . F ERCES
I 10T 50-08 1607 15007 207 25607  3e-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) 56



r Radiation damage effects on SiPM

Current after 1 hour

i
L]

G.Collazuol - Scuola Na

— increase of dark count rate due to introduction of generation centers
— increase of after-pulse rate due to introduction of trapping centers
-~ may change VBD, leakage current, noise, PDE...

HPK devices
T Mataiimiira — PDN7

=]
(5]
T

~ (uA) S

[

1C 1c’

irradiated dose (Gy)

Effects reduced by

Current (umH_'—' AN

0

.2%X10°> n/mm?2/s
ek @ (Vg,, 1.0x108 n/mm?) =
;SEHA1OOper PRC. Y s
8 1x108 7 .
7k n/mma2y .
6f B 3
g - S
4 v o
3 Y ::
) F (4
1 ore
: diation

68 685 69 695 70 7%5 7171, S(V';Z

1as voltage

Neutron irradiation

2.3x10° p/mm?2/s (130 Gy/h)
Ieak @ (Vopl 1. 4X108 p/mmz) - 6 7 HA

10 o
< - 2.8x1 :; O
~r 8? Os I i}
. i} 0
¢ - p/mm;; S
t 6_ 2 II Ii E
3 | ;o fw
O ! i/ 1.4x10 =

- E :!i 8
47 / _8
i ({ p/mm? o
7} =
2r ;’;‘A (@)
i before
S Jirradiation
%8 68 5 69 69 5 70 70 5 71 71.5 72

Bias Voltage (V)

— almost the same for protons and neutrons

-~ small cells -~ smaller charge flow (small gain, high dynamic range)

— thin epi-layer
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_rOpticaI cross-talk:reflections from the bottom

G.Collazuol - Scuola Nazionale LNL 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)

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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absorption length (um)

g PDE = QE - P, FF

uol - Scuola Nazionale LNL 2013

G.Cc

QE: carrier Photo-generation

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

-\ 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

- A, 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

100 -

vth
Cess
1997

led

i
t

ot

Jang

| H 2200

Juth

-1

ol M

ot bt

w20 M 4 30 & 70
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r QE factors
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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.
< o086 in Si0O,

- (example:
30nm SiO,
on Si layer)

10 100 1000

Wavelength /nm

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

(1

4 active region A

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

Internal spectral
quantum efficiency

—_ [N
o ;o = O MO W
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
- C eff. depends on surface recombination velocity S.

- freeze-out at low T

" (d) Commercial devices PDE - 0 in VUV due to:

g/eV: Pair creation ener

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

5) high reflectivity for VUV on Si surface

Photon eneray/eV

1) protection coating (epoxy resin/silicon rubber)

= — 4) absorption length in Si VUV photon: a few nm

00



_( QE - PDE dependence on wavelength A

G.Collazuol - Scuola Nazionale LNL 2013

Recombination

FBK single diode (2006) photo-voltaic regime (V__~ 0 V)
100
90 al =
!j N e S
80 / 0,%% — ==
< 70 / . v%'&.a
S 60 e
/ . 0OV S,
50 4 AY Co,
/ Simu A‘a‘
40 — — Simu ARC Q'a,T
30
300 400 500 600 700 800
W avelength (nm)
limited by limited by the
ARC Transmittance small mtlayer thickness
&
Superficial

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

0.9 A
0.8

y
o
ol

Probabilit

Trasmitted Light

1.0

P,, dependence on position

MAX
p P,

1.E+06

- 8.E+05

- 6.E+05

- 4 .E+05

- 2.E+05

0.2 1

(i T R, T ——

- - - -

420nm __{_>

Triggering probability %

0.E+00

Field (V/cm)

lonization Rates {1/um)

1E+02

=1E+01

T 1E+00

1E-01

-
m
o
8]

1E-D3 | | . . .
1E+05  2E+05  3E+05  4E+05  S5E+05 6E+05  TE+05
E field (V/cm)

Ionization rate in Silicon

Example with constant high-field:
(a) only holes trigger the avalanche

(b) both electrons and holes trigger
(c<n|y electrons trigger

100 _
* 1.5V overvoltage

90 114 2.0V overvolthge

80 2.5V overvoltage

70 4 & 3.0V overvoltage

3.5V overvoltag

00 7 e s0v overvoltage

50 1

40 - '

30 A att

20 5:::

10 7

0 | 1 | |

300 400 500 600 700 800

wavelengths (nm)
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PDE(%)

N.Dinu et al. NIM A (2008)

_a)

—&— Photonique 43pum; AV~1.4V; AV/V~9%
—¥— FBK-irst/l run 40pm; AV~4V; AVIV~12%
—A— FBK-irst/Il run 40pm; AV~3.5V; AV ~12%
SensL 20um; AV~3.7V; AVIV ~13%
SensL 35um; AV~3.7V; AVIV g ~13%
—X— SensL 50pm; AV~3.7V; AV g ~13%

—— HPK 25pm; AV~3.4 V] AVIVg, ~5%
B HPK 50um; AV~1.1V; AV, ~2%
—— HPK 100pm; AV~1.4V; AV ~2%

The errors on PDE measurements
are estimated at ~10%

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

FRK-irst and Sencl device<s and hY HPK

e e
400 500

PDE VS A
(shape)

n-on-p structures

n+

holes §
electrons1

p-on-n structure

p-+

electronsil n |
holes1

Note: geometrical fill factor included
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_r Im prOVI ng PD E — PDE peak constantly improving

for many devices

Barlow - LIGHT 2011 - every manufacturer shape PDE
PDEvs . 1lmm- 50 um-GE =51% @ 50V for matching target applications
40 £y calitas e Monachromator Dats - UV SiPM eg from MePhi/Excelitas
35 - e | (see E.Popova at NDIP 2011)
30 e s -~ VUV SiPMs in development too
= 3¢ v,
= *
w 20 . .
E 15 A F.Wiest — AIDA 2012 at DESY
10 * o Teu, andard Technology Type
~ o
. FF~50% * 80 | WETEK

50 €3

0 - 70 —1 | | +310V — AV~BV
300 400 500 600 700 800 900 e HH.HL 285V |—

Wavelength (nm) 2 1 1 THIH |
a Photon Detection Efficiency w 40 ' H}
8 EEI}_ I I I I E 30 {E£ | | }H{};}; .
= 7 [ Vye= 25V AV=3.3V o0 FF~60% {Hﬁﬁiﬂu |
a 50 i —— Measuremsant té 4 i
T £ —— averags PDE 10 | Active Area: 1.0 mmx 1.0.mm H;*’—'iﬁiﬂh
g = 4nf Cell Pitch: 50 pm
N 2 C 0 . . | |
2 g 30: I‘.'.l. 390 400 450 500 550 600 650 700 750 800
L B W ) Wavelength [nm]
? g 20f ”'JM dSiPM (latest sensor 2011)
5 10f oo, — up to now no optical stack optimization
N . M% — no anti-reflecting coating
L=<3 T B 1T/ R ' e T/ =1 [ 'gim — potential improvement up to 60% peak PDE
S T.Frach 2012 JINST 7 C01112 (Y.Haemish at AIDA 2012) "



PDE dependence on T

2.5

PDE w1

1.5

0.5 +

G.Collazuol - Scuola Nazio

PDE vs A (AV constant)

! v !
® 295K P .- Data
® . ” . RN
® fr_-;,i? K H .
o 55K .

o .

. - - 13\*\__ L

. L %

) I :/_/' \h'\ . \:
A PDE spectrum SO e
¢/ atlow T peaks at g
o P

shorter A o

1 015
1 01

1 00

=
B

=
]
PDE (ubsolute]

EDE f{a.u.)

1) silicon E__ increasing
— larger attenuation length
- lower QE (for larger A)

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

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

PDE vs AV (A constant)

 Pulsed laser (405nm) |
o Data
123K -
b ooR . saturation starts
| earlier at low T
2 G.C. et al NIM A628 (2011) 389 |
2 Ei [} :lg

AV (V)



rTiming resolution

SiPM are intrinsically very fast

Two timing components, related to
photo-generation and avalanche developement

1) prompt - gaussian time jitter well below 100ps (depending on AV, and A)

2) delayed —» non-gaussian tails up to few ns (depending on A)

G.Collazuol - Scuola Nazionale LNL 2013
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r GM-APD avalanche development

1E0 ¢
(1) Avalanche “seed”: free-carrier - g
I concentration rises exponentially 1E1 L
= . 2 by "longitudinal” multiplication
fl ______ I ___________ g 1E-2 ¢
© -
P (1'") Electric field locally lowered & -
L (by space charge R effect) 8 B3 ¢
Longitudinal towards breakdown level i
multiplication 1E-4 | A.Spinelli
Multiplication is self-sustaining - 1 \L Ph.D thesis (1996)
Duration ~ few ps Avalanche current steady until 1.
new multiplication triggered 155 0 5 10 15 20 25 30 35
Internal current in near regions .
up to ~ few pA time (ps)
Simulation w/o quenching:
P steady current reached
R (2) Avalanche spreads - Photon @ center of the cell
// "transversally" across the junction B e
Z = ’ | e
o I . _________ ’ r A= ol Vb =av
2 F (diffusion speed ~up to 50pm/ns - - < phot g
, enhanced by multiplication) z 6 oton @ edge
P r——
St 5 | It L
Transverse (2') Passive quenching mechanism 'E al
multiplication effective aftel_' transverse r§ i
avalanche size ~10um 3 r
D ion ~ few 1 2 HFf e T T e T
uratio ew 100ps (if no quench, avalanche spreads over L i
. . 1 -
e e, ok
up to ~ several 10pA ” o ' ' ' '
P H saturation steady state value) 0 2 4 & 8 1D

time (ns)



_r Timing jitter: prompt and delayed components

G.Collazuol - Scuola Nazionale LNL 2013

1) Prompt component: gaussian

with time scale O(100ps)

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

e Transversal propagation (main contribution)

- via multiplication assisted diffusion
(dominating in few pum thin devices)
A.Lacaita et al. APL and El.Lett. 1990

- via photon assisted propagation
(dominating in thick devices — O(100um))

|

Multiplication assisted
diffusion

Photon assisted
propagation

Fluctuations due to
a) impact ionization statistics

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)

- Jitter at minimum - O(10ps)
(very low threshold —» not easy)

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

— Jitter - O(100ps)
(usually threshold set high)
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_r Timing jitter: prompt and delayed components

G.Collazuol - Scuola Nazionale LNL 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)

Av (v
=
z | :‘“ 4
L n# i e
nkiﬁ 'iHLgh Field £
Guard Ring . i D
n- I i £ 108
' | [}
| | ©
i 2
strinlen i =
: ' 'g 10°%:
! Q
o
@ |
0 1000 2000 3000 4000
Cera- Ce L2 T
tail lifetime: 1 ~ L2/ @D ~ 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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r GM-APD avalanche transverse propagation

G.Collazuol - Scuola Nazionale LNL 2013

Avalanche transverse propagation by a kind
of shock wave: the wavefront carries a
high density of carriers and high E field gradients

(inside: carriers' density lower and E field decreasing .»{ N
AR
toward breakdown level) %ﬁ
4 'H'v
ds _d _ _ PR | 0
= E21Tr( )Ar—ZTrvdlﬁAr—41TAr . —y |'

dl dlds/f\
dt det\RJT/

ﬂ _ Vbias /

J=

Rate of current production:

ds Rsp( S) S = surface of wavefront (ring of area 21rAr)
o Rsp (S) = space charge resistance ~ w?/2c¢v~ O(50 kQ um?)
Internal current rising front: ) 0,1~ O(some 10m/ns)
the faster it grows, the |_OW€I’ t_h e_ JILLEr  p - transverse diffusion coefficient ~ O(um?/ns)
dI/dt - understand/engineer timing r = longitudinal (exponential) buildup time ~ O(few ps)
features of SiPM cells 1

max rea. 0W}’l>n
-~ timing resolution improves at high Vbias/' B e
— E field profile affects 1t and RSp (wider E field profile - smaller R) /< >

(should be engineered when aiming at ultra-fast timing)
- T dependence of timing through 1 and D
— slower growth at GAPD cell edges - higher jitter at edges
reduced length of the propagation front

SiPM cell 79



r Avalanche transverse propagation

Build-up Spread & Quench Re-charge Idle
3$r .
80
Sot -
S
1 F y
u a PR | M
10" 10" 107
:lu-:i — —r—rTrrr—Tr—Trrry -
tn B s
5 ~— >
N -
© 7 107 )
o b
9 -
(.% ,,_.J 1[] “ " N P M " P : " . ; " | 4 o PR I'I " M P | " M o L
- 10" 10" 10? 107 101 10" 10% 10
N Time (ps)
3
Q
o

SiPM cell 4
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Pulse Shape -

]
[S]
]

Amplitqde (V)

]
W
]

vefo

1otons

m

Reminder: <

2I.3-1567
time (ns)

rise and fall edges

— Falling signal shape fluctuates

considerably (due eg to after-pulses)
- signal tail is non useful for timing,
if not detrimental

note: using Time-over-Threshold method
for slew correction might lead to worse
resolution

Rise-time depends on AV, T and impact position

N

VD / ie signal shape is not constant, then:
R \/> 1) CFD method only partially effective
1 in canceling time walk effects

1—(E,_IE, .. Y 2) any digital timing ﬂ_lte_r 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

72



_r Single Photon Time Resolution = gaussian + tails
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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 x? in case of an
additional exponential term
exp(-|At]|/1) summed with a weight

o7~ 0.2+0.8ns (depending on device)
in rough agreement with diffusion tail
lifetime: 1t ~ L2/ ™ D wher L is the
diffusion length

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

Gaussian
rms ~ 50-100 ps

10° -

10°

107}

+ Tails (long A)
~ 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

/

L ...y ,
ﬂiﬂeﬁ"h{ ?‘i-l'll-""‘- AT 1r||||-.‘5k¢‘ il "‘ﬂ”“r"s . ‘Il‘

'|‘.\'M"-1'|‘

Overvoltage=4V

w&*(/

i At TR
e A A

A=800nm

0o 2 L N TR
mod(At,T,__.) [ns]

Distributions of the difference in time between successive peaks
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_' Singel Photon Timing Resolution

G.Collazuol - Scu~la Nlazinnala I NI 2N1

(gaussian component)

—. 300
e
=
= electron
gﬂzjﬂ 4 injection ® A = 800 nm
. i hole @ A\ =400 nm
. injection
200 | : —-contribution from-
L. noise and method
‘. .. (not subtracted)
150 SN eye guide
.
100 + |
.
- L ]
50 + .= z
f l l l | | l
0 ! 2 ’/ 3 4 5 : 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

Multi-Photon Resolution

o
2=
S 70
5 ~1/vN
50 - II-‘*
40 | :
20 | 1
10 |
0 : : :
| | | | L 10 12 i4

Note: SPTR differences (due to drift):

1) high field junction position
- shallow junction: g/ > g e
- buried junction: ¢/ < g/re

2) nt-on-p smaller jitter than p*-on-n
due to electrons drifting faster in depletion

region (but A dependence)

16

3) above differences more relevant in thick

devices than thin

N+

el.

Yholes



_' SPTR: position dependence - cell size
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K.Yamamoto PD0O7

FWHM (ps) | FWTM (ps)
1 199 393
2 197 389
3 209 409
4 201 393
5 195 383

148.2ps

Data include the system jitter
(common offset, not subtracted)

K.Yamamoto
IEEE-NSS 2007

I 7
i N FWHM = 263 ps
: ]
]2 7
i K FWHM = 294 ps
vy e
Yaa| | £ \\ FWHM = 192 ps

Larger jitter if photo-conversion
at the border of the cell

Due to:

1) slower avalanche e
front propagation

2) lower E field
at edges

— cfr PDE vs position \

@

J€

/
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PDE vs timing trade off

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

k=ratio of hole (B) to electron (a)

A=Y ionization coefficient (increasing
) . .
= with E field)
L narrow avalanche region,
high E: _ gmallw
- highk =B/a
.], lw=_h|gh f_leld
region width
‘ |
»  Dbetter for TIMING
depth
better for PDE
S A
D
Y
LLJ
4>
depth

1.0
. . -_////l/ﬂ/
increasing k/ -—
0.8 el
0.6 -
/
= /
o 041 ® k=1 (RPL)
v k=0.5 RPL)
B k=0.1 (RPL)
0.2 - eIeCtron —— recurrence
.. . techni
injection ccmiate
0 20 40 60 80 100
100 decreasing w
—
0
2
o 0o f—'-‘_'
= By *—*—‘\v'
008 010 012 04

00 decreasing w

jitter rms(ps)

0.06 008  0.10 0.14
N4

plots: courtesy of C.H.Tan

0.02 0.04
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rTechnoIogies around the world
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Pioneering work in '90s by Russian institutes

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

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

SiPM Matrixes

« Hamamatsu HPK, Hamamatsu
vias to avoid bonding

 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 ' Philips 1
 Amplification Technologies, Orlando 1 CMOS 2
: dSiPM |

Some are commercially available, other prototypes
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ZECOTEK MAPD-3N ASDSiPMas. | FIRMANIRTSE. S TR KETEK PM3350 STMicroelectronics

9/

e

Y

A Dark Count Rat .
Producer Reference {mr:;] PDE max @ 25°C* E_:z} g}uzn?ca*e Gain *
ZECOTEK MAPD-3N 3x3 30% @ 480 nm 9,10° — 9.10° 10°
FBK - AdvansiD | ASD-SiPMAS 4x4 30% @ 480 nm 5.5107-95 10/ 4.8 10°

50% @ 440 nm (includes 6.105— 10.105

HAMAMATSU $10985-50C 6xb 7.5 10°
afterpulses & crosstalk)
6 2 100
KETEK PM3350 3x3 40% @ 420 nm 4.10
5K 16% @ 420 nm 6 6
STMicrolectronics | SPM35AN 3,5 ; 7.510 3.210
* datasheet 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

Fi
V. Puill, IEEE NS5 Conference, Anaheim, Nov 1 2012

G.(
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r 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

L 3500

X o

: 3000 I

Photocathode Photoelectron 4 pe

o ; 2500 -
> " v
= ; | £ 2000 |’
. : 8 =
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Q
o
° 1000 m
L
% 500 L_\J L-\J \w\J ?P‘E
n
+ Silicon detector LA 0 L\J . / . | |
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o Channel nr
o -
O EDIT 2011 School at CERN - photodetectors background from electron back-scattering at Si surface
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Summary,
comparison
and conclusions
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Quantum Efficiencies (HPK)

4
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Quantum efficiency (%)
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r Summary Table
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QE | CE | & |ENF| G | ENC olE

Ideal | 1.0 | 1.0 | 1000 | 1.0 | 105 | © VAIIN
PMT |035| 09 | 10 | 1.3 | 105 | 200 V3.8IN

PD | 07 | 1.0 1.0 | 1 | 200 | V1.4/IN+(280/N)?
APD | 07 | 10 | 2 | 20 | 100 | 200 | V2.9/N+(2.9/N)?
HPD | 05 | 09 | 1000 | 1.0 | 103 | 200 | V2.2/N+(0.4/N)?
HAPD | 0.5 | 0.9 | 1000 | 1.0 | 105 | 200 V2.2IN
SiPM | 07 | 04 | 1000 | 1.3 | 105 | 1000 V4.3IN
VLPC | 07 | 1.0 | 1000 | 1.0 | 10° | 200 V1.4IN

K.Arisaka — Lecture at IEEE NSS 2012 (Anaheim)
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' Energy resolution vs #photons

- Scuola Nazionale LNL 2013

G.Collazuol
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K.Arisaka — Lecture at IEEE NSS 2012 (Anaheim)
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' Resolution vs Poisson limit
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#Photon

K.Arisaka — Lecture at IEEE NSS 2012 (Anaheim)
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_' Timing (single photon) vs Area

b a0
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_r Market price
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r Conclusions — vacuum based PD
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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

Issues
- intrinsic limit QE < 40%

- Ic_>w capaci’Fa_lrfce _ - broad SER
- imaging capabilities (large pixels)  _ pigh voltage, bulky, fragile

- high frequency response
— fast speed

- stability

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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r Conclusions - solid state PD

PIN photo-diode: successfully used, e.g. in HEP experiments

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: used in big experiments (CMS at LHC)
e Internal multiplication: S/N improved - still >20 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 to mitigate 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 - Scuola Nazionale LNL 2013

...Other imaging devices (CCD, CMQOS, ...) not covered in this talk
88



le LNL 2013

G.Collazuol - Scuola Naziona

Thanks for your
attention

Additional material —»
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