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with single photon sensitivity
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Overview

- SSPD for single photon... mainly SiPM

- Physics and technology key features

- Main SIPM parameters

- Comparison among photo-detectors

- Few examples of Cherenkov light readout with SiPM

...for a more extensive review - GC at IDPASC 2013 (Siena)



_r SSD with internal gain Reverse biased junction:

internal gain via impact
ionization in high E field
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_r SSD with internal gain Reverse biased junction:
' internal gain via impact

o Bias V., (Vapo < V <V,) ionization in high E field
e Linear Mode/ device hve
e Multiplication < 103 (lim. by fluctuations) .
o Oh+'§
(1ph.e. at low T with slow electronics...) §
T P _El_—
, — )
i letion region
Photocurrent| A&
BONVe’s e cuta il electric field
—_— ‘-,;-" in the reversed
ﬂ:, ]1' bias diode
= 1 GM e
Q / | APD multiplication/  drift
t I | /avalan_che region
| Va Dark current _ region
& o= ' .' GM-APD: Geiger Mode
- e > 1B e Bias above V,, (a few V)
A, . full depletion 5 e binary device

. . . A R T T e Gain: ~10° (lim. by noises)
10 15 20 25 30 35 40 45 e Single ph.e. resolution
Reverse voltage (V) e Limited by dark count rate

_ e Need Quenching/Reset ;



_r GM-APD Operation model — passive quenching

1-exp(-t/1,)
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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)
Rd
i . ‘ P quenching
re /eXp('t/Tq) Fall time (recovery)

99% recovery time: 514

| -

t
Gain - linear with AV (# APD) \
- no intrinsic fluctuations !!! (# APD)

— independent of T at fixed AV (# APD)

Rise time T dependence (weak) due to R,

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

< =
T, = RyCy

pulse shape
(ideal)



_r The Silicon PM: array of GM-APD

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

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

#
___.-" In'
\ 7 —» decoupling resistor, which is also used
m’ ——» for quenching avalanches in the cells
Each element is independent and

gives the same signal when fired
by a photon

Al electrode

2-4p
300p f F

Si0,+5i;N,

p-epi layer \f

¥ of binary signals —» analog signal

n*/p junctions

Indmidual surface resistors Q = Q1 + Qz = 2*Q1
A \

Metal (AI) grid metal

—t

=substrate

Output «« number incident photons

SIPM Pixels of the SiPM
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B The Silicon PM: array of GM-APD

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

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

Fe Ex Gl Wil Teg Ceplw  Casois  Pexar  Heh i Y

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

X of binary signals » analog signal
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o

Output o« number incident photons
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Today: few examples

ZECOTEK MAPD-3N

HAMAMATSU 510985 KETEK PM3350 STMicroelectronics

FBK-AdvanSiD

e

7

A Dark Count Rat .
Producer Reference {mr:;] PDE max @ 25 °C * fﬁjz} ;U;SD;*E Gain *
ZECOTEK MAPD-3N 3x3 20% @ 480 nm 9.10° — 9.10° 10°
FBK - AdvanSiD | ASD-SiPMA4S 4xd 30% @ 480 nm 5.5 107 -9.5 10/ 4.8 10°

50% @ 440 nm (includes 6.106— 10.108

HAMAMATSU $10985-50C bxb 7.5 10°
afterpulses & crosstalk)
6 2 100
KETEK PM3350 Ix3 40% @ 420 nm 4.10
o 16% @ 420 nm 6 6
STMicrolectronics | SPM35AN 35 ; 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

7
V. Puill, 1EEE N5S Conference, Anaheim, Nov 1 2012
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Physics & Technology
Key features

e Custom vs CMOS technologies - close up of a cell
e Quenching and Reset modes

e Analog vs Digital SiPM



g Arranging SPAD into packed matrices
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Transition single SPAD to packed GM-APD matrices (SiPMs)
is not just design

Need addressing new issues:

e a third factor enters in the photo-detection efficiency (PDE):
the fill factor that for small cell size can be quite low

e how to control the dark rate because
- limited space for gettering techniques
- high probability to include noisy cells in a device

e optical cross-talk among cells
e yield and uniformity in performances

e electronics (integrated, hybrid, external)



_r Silicon technology - few examples

Custom technology CMOS HV technology

intergated electronics

SiPM “"RGB” FBK - external electronics

quenching resistor metal line

oxide (polySi) oxide
| p implant p implant

p epi layer

p** substrate

—

substrate contact

N.Serra et al JINST 8 (2013) P03019 Stapels et al Procs. SPIE 7720 2009
a
E Custom CMOS technology
§ SPAD array - hybrid electronics
E substrate top contact poly-5i gate oxide
1 Ly ——— e 7
' | |
0 i |
S | |
5 : :
d | |
! | I
6 isolation ! !
3 : INVERTER :
© n+ substrate 1 nMOS 1
L_O) ________________________
U]

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

Optical window - Anti-Reflective Coating (ARC)

hallow-Junction APD
Shallow-Junctio note: light absorption in Si, SiO,

Example of implementation

C.Piemonte NIM A 568 (2006) 224 Optically

dead region
(20°I/o-80%)

Optical
isolation
(cross-talk)

Shallow n* layer i '
O(100 nm)

Abrupt junction
1

Trench (filled)

(fully) depleted region
O(um)

T epitaxial \

Substrate
low resistivity contact
O(500 um)

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

& simpact on Fill Factor

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



Key elements for CMOS SiPMs

_r Close up of a cell - CMQS - APD cell isolation from CMOS circuitry

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

Note e extended CMOS processes exploited

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

_y by multiple wells
from CMOS circuitry

shallow isolation

(STI/LOCOS) anode (p*) -’
_______ 7”7

contact ~ ~A

with

buried | Example of

layer | NMOS FET
. | of the RO
- electronics
m
S - .. - - - = =
N epitaxial p
5
o
5
o
T p** substrate
g
R e
o substrate
S deep isolation trench (gettering sites)
U]

(oxide/polysilicon filling) radiation induced carriers) 19
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mm_Passive / Active quenching and recharge

-~ Passwe Quenchlng Verex Zi:;";’ig:::cmng
”“ . and Reset - -y
Mj 7 rus
SIPM vz by |
e /M ixed
- Active v \y Active/Passive Quenching
-y Quenching j:;_ T _Active Reset -
i and Reset RB S‘R r{ T
VT“‘]> B CONTROL H
h PULSE UW_D; LOGIC |
ae GENERATOR MZS SG?/:
v = modern

Gallivanoni et al IEEE TNS 57 (2010) 3815 SPAD arrays

13
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Passive / Active quenching and recharge

~ Passive Quenchiﬁ\b\y

W, \

~_and Reset S

EEIN \/

SiPM

Ve t

Rg~ few 100k

e "Quenching resistor” regulates both quenching and recharge

e Simple concept but tricky to implement (high-ohmic resistors needed)
e Used in most SiPMs as the summation can be easily implemented

e Limit the recharge current to < 20uA (Rg ~ AV/20uA)

e Recovery time: ~ Rq x Cd

e Output is charge pulse: Gain G = Cd x AV

e Qutput signal compatible with that of PMTs - re-use of readout infrastructure

14



mm_Passive / Active quenching and recharge

e Sense the voltage at the diode terminal

e Use transistors to actively discharge/recharge the diode
-~ controlled amount of charge - reduced after-pulsing and cross-talk

e Flexibility: programmable timing possible, disabling of faulty cells
e But: requires SPAD/CMOQOS or 3D integration (cost)
e In case of SPAD/CMOS integration, electronics area affects fill factor

e Fast digital signals (gate delays of ~30ps, rise/fall times ~90ps), low parasitics

Separation of photon number, time of arrival
and position information Mix T
right at the detection element ‘Mixed :

: : =\
might potentially enable Active/Passive Quenching
new detector concepts \ J-\ctlve Reset B

Vhias a
\'4

already “digital” signal

......... quench ing
\ dlgltal pulse

recharge

Vexl ..

recharge

modern

SPAD arrays
guenching t is

G.Collazuol - PSHP 2013 - LNF 20131113



r Mixed mode Quenching and Recharge
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* Cell area ~ 30x50um?

Digital-SiPM cell & its electronics « Fill Eactor ~ 50%

Whias Wex
Ir;)c » to readout
1 recharge 6T
ﬁ spad_enable SRAM

* Cell electronics area: 120um?

* 25 transistors including 6T SRAM
* ~6% of total cell area

| * Modified 0.18um 5M CMOS
—— — * Foundry: NXP Nijmegen

T.Frach at LIGHT 2011

16



_r Analog vs Digital SiPM
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'

s

Analog SIPM

(Ta=25 °C, M=7.5 = 10°]

Mumber of photons

Time
www_hamamatsu. com

* Cells connected to common readout

* Analog sum of charge pulses
* Analog output signal

T.Frach at Heraeus Seminar 2013

o

Digital SIPM

Philips

TDC and
photon counter

Digital output of

* Number of photons
* Time-stamp

| Digital Cells

* Each diode is a digital switch
* Digital sum of detected photons
* Digital data output

b

17



_FAnang vs Digital SiPM

Analog Silicon Photomultiplier

Vbias
Readout ASIC
Discriminator R TDC =+ Time
DJ: Shaper H | —ADCi—b- Energy
SIPM

g Digital Silicon Photomultiplier
8 1|IIJIIIllzﬂias
2
- Cell Detector + Readout
) Electronics
% 'J_ Heuhargej_ = |
0 - Network
—'g > L0 L Energy
8
U]

4 dSi

PM provides a
digital timestamp and
the photon count for
each light pulse,
without the need of
any analog front-end

¥

electronics j
ToC |—> Tme%

11l control over
individual SPAD

.




B Main parameters

- PSHP 2013 - LNF 20131113

G.Collazuol

related to the recharge of the
diode capacitance from V_,to V__

during the avalanche quenching
time after I, is reached

Primary noise:

- thermally generated
Correlated noise:

— afterpulses, cross-talk

PDE=QE+ P *¢
QE = quantum efficiency

Gain, Pulse shape,
Dynamic Range, Linearity

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

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

carriers can be trapped during
an avalanche and then released
triggering another avalanche

\. photo-generation during the avalanche discharge.

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

Poy = avalanche triggering prob. | ®—__ ph5to-detection efficiency
g = geometrical fill factor

Related to the photo-generation and -

to the avalanche propagation Time resolution

19
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Pulse shape, Gain and Response

(mainly for passive mode)

e Detailed electrical model
e Gain and its fluctuations

e Response non-linearity

20



[ Actual pulse shape and Gain

Waveform (Dark noise)

G.Collazuol - PSHP 2013 - LNF 20131113

NOTE: gain easily measured

‘ 0.0E+00

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

31

32 33 34 35 36
Bias Voltage (V)



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

bUt 1.2E+06 ~
there are various sources of response |
non-linearity (ie non-proportionality to

Gain

8.0E+05 A

\

number of photons - next slides) 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=575V, T=-28 C

cell to cell
0G — 0 V ba o 6Cafq‘ﬂuniformity (active "™ _
G V - C area and volume) ﬂ fluctyations
/ bd dg  control at % level %% ] —SER-width
s ji Jf (Single Elegtron
e doping densities (Poisson): g 100 :1 F e
5V,, = 0.3V 3 y;I”
Shockley, Sol. State Ele. 2 (1961) 35 10 L Wi
e doping, epitaxial, oxide (processing): ﬁ’ b d te
oV, ,~ 0(0.1V) 1 b Haeh woo—o_sos
0 100 200 300 400 500
In addition 8G might be due to fluctuations in quenching time ch.ADC

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



r Improved V, , uniformity
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Engineering high electric field & depletion/drift layer profiles

|

E field
-

)

< W=high field
region width

\>

depth

- Improved break-down
voltage uniformity

- wafer level
- among wafers

Recent progresses in FBK-Advansid devices

Count

S A
D
Y
L
—
depth
800 | _| I 17 V17 "1 17 7§ " 17
700 RGB Tech. —
| Em RGB W1 .
600 E==RGB W2 -
= e Original W1 .
500 == Original W2 =
400 —
300 - Original Tech. -
200 -
100 = [ -
0 i |[ e 1 Tl | S

28 29 30 31 32 33 34 35 36
SiPM breakdown voltage (V)

N.Serra: “Characterization of new FBK SiPM technology for visible light detection”, JINST 2013 JINST 8 P03019

23



r Response Non-Linearity

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

Main sources are:

e finite number of pixels

e finite recovery time

e after-pulses, cross-talk

e drop of AV during the light pulse
due to relevant signal current on
(large) series resistances (eg ballast)

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

Detailed model to estimate non-lin. corrections

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

nphot.PDE )

_ saturation l—e ™

— loss of energy resolution

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

N firea = My

Relative gain nonproportionality

G.Collazuol - PSHP 2013 - LNF 20131113

Gain (a.u.)

Tl i i T

-

— — — Scintillation light pulse

Fast light pulse

0.98
0.96
0.94
0.92

09
0.88
0.86

0.84

Time (a.u.)

—a— etector1
i Natector?

20 40 60 80 1I.:JD 150
Number of emitted photons (10?)

Photonflux (a.u.)

140



_r Dynamic range and non-linearity
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K type (1024 pixels)

analog SiPM output = 100 4 .J- -
sum of binary cell's output s e | I~
7 5 SiPMs | Gii—® |
i | \\@ * | Saturation
.. e |
* Due to finite number of : I 2
cells - signal saturation g ,&\0‘," | |
! e i
i Q( 't. - JI.
* Correction possible BUT
01 .

- degraded resolution i T i e Tl Tl

Number of photoslectrons

N -PDE
___ photon eg: 20% deviation from linearity

A= N gredeenis = Nioar -(1—€ Niow Y if 50% of cells respond

=) Best working conditions: N <N

photo-electrons SiPM cells

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

2) effective dynamic range depends on recovery time and time scale of signal burst

25



r Tinier cell - better whole performance

Latest MPPC tiny cell by Hamamatsu

Different types available or g
In preparation:

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

(*) fill factor - 50% !!!

e
i
e

20 ns
e micro cells (» um) W
— Zecotek, AmpliticationTechn. 20 um cell pitch
=
oi) SIPMS NDL (Be_]llng) E 2000 SiPM-1, 2|5{‘.il] cells, U=26.5 V, Y11 light, Gate=100 ns
|~ E —=ldeal linearity line
o Zhang et al NIM A621 (2010) 116 s 2500 + SiPM response
= —
= Han at NDIP 2011 5 2000 /
™ £
= e type: n-on-p, Bulk Rq S % 1500 .
o high cell density (10000/mm2) £ % 1000 /
I ey 2
s o fastrecovery (5ns) T | dynamic S 00 :
e low gain ranae 3 Measurements by Y.Musienko
S e better _g L 0
N timing -~ less after-pulsing 500 1000 1500 2000 2500
g\ ~ less cross-talk / N xPDE
O - vradiation hardness

] 26



r Noise sources

pulses triggered by non-photo-generated

| carriers (thermal / tunneling
generation in the bulk or in the surface
depleted region around the junction)

Primary noise
— dark counts

Correlated noise:

Q - After_pu ISI ng \ carriers can be trapped during
N _ an avalanche and then released
5 - CrOSS Talk triggering another avalanche

™ “optical”

o

o

T

4

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

G.Collazuol
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Dark current vs T sources of DCR

region (no whole depletion region)

Noise mainly comes from the high E Field

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

— 1) Generation/Recombination

I (nA)

10° L

10°

10

10

10

FBK devices

constant AV

® AV=5V
® AV=3V

o

o ® AV=]V

o

—

X

o

—

X

SRH noise (enhanced by
trap assisted tunneling)

- Eact

KgT

~T " exp

];—everse
CB Conventional
SRH

positive T
trap coefficient

assisted
tunneling

2) Band-to-band Tunneling

noise (strong dependence on
the Electric field profile)

CB

50

negative T
i : | | | coefficient
100 150 200 250 300
x10 x1000 I'(K)
- >< — - @ e ®

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

E field engineering is  \ csner
crucial for min. DCR

(esp. atlow T) VB

28



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)

r Dark Count Rate

G.Collazuol - PSHP 2013 - LNF 20131113

Engineering high electric field & depletion/drift layer profiles

DCR (cps)

10

10

5
10

[
=

fe

E field
-

|

< W=high field
region width

\

AeRth

0

)

-10

-20

T T T

50 40 30 20 10

I:II | I | |
:hu-"n;h

%0, I:'|:|-_|I:I

o RGB-SIPM (OV =265V
o Onginal 5iIPM (OV =7 V)

1x1 mm: SiPM, 50um ezl

%, original
%o
Cbﬂ

S |

3.2 34 3.6
1000/T (1/K)

N

A

E field

depth

RGB has a much lower noise
and a steeper temperature
dependence:

-> less tunneling

Recent progresses in FBK-Advansid devices



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)

r Dark Count Rate

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

KETEK

1000

-
o

— E—

Critical issues: \
e quality of epitaxial layer
e gettering techniques

e Electric field - tunneling/

— -

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

Dark Count Rate f [kHz.I'mmz]

¢ 100 um, GE = 74%
m50um, GE=51%
25um, GE=29%

¢ 100um, GE = 52%
050 um, GE =39%

/ 1000
[74]
. S
g ]
o c 800
i "D Standand Type et X
™M 100 ) Trench Type wesFi . b
— | | 2 TrrehTpe =R 8 600
— ] 10 20 30 40 a0 [{*]
™M o
§ / Relative Overvoltage [%] £ 400
L -
5 Vbd ~ 25V F.Wiest — AIDA 2012 at DESY 8 500
: :
< & 0
o —
T _— —
n 0
< Latest Hamamatsu and FBK /
devices below ~100kHz/mm?2
N Vb a ™ 140V
© -
= S
O
O]

Exelitas

5 10 15

Over Voltage (V)
P.Berard - NDIP 2011
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r Dark Count Rate: digital-SiPM (Philips)

Control over individual SPADs enables detailed device characterization

DCR vs. Active Area ,
T = Worstcells

Pl B R B A B B B R ssafl ssam

o I - F P R b

o PSR b SR R are switched [.1.

8 off

Active Cells [%]

1 -

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

na

Typical dark count rate (DCR) at 20°C
and AV=3.3V ~150Hz / diode

A Low DCR ~1-2Hz/diode at -40°C

Dark Count Rate (cps) T.Frach at Heraeus Seminar 2013

G.Collazuol - PSHP 2013 - LNF 20131113
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After-Pulsing Carrier trapping and delayed release

MNaormalized count

=T 3.5 4 -
[ Delay (s) 1000/T (K1) \
Fig. 10. Spect

CcB o
>”\ . (t) =P -exP(_t/t).P c></Z\/z\\ ~Few % level
el S afterpulsing c T 01 \\7/ at 300K

»

avalanche triggering probability
\ « AV(t)
VB

1 : trap lifetime
depends on trap level position

quadratic
dependence

P_: trap capture probability v
on A

« carrier flux (current) during avalanche « AV

«N traps Temperature (°C) -
1.0x10” - , 20 0 _glg a
experimental data - - ~
fit —— sl _= N
fast : .
1ox1o | components i g W
. = 10tk i o

@ E J X
_g C " 8 "'.;.'
2 K . o
10107 | slow | —J 10" 3 E 3 -Ea
components : i <G
' 1 o5
r bl 55 3 o
10107 _— 1e07 15007 2007 25007 3e-07 3 x 108F 1 1 i O Q:

[#3]

IS
)
S.
G

im of the delay time from the primary pulse to the after-pulse.

not trivial
Only partially sensitive to after-pulsing during recovery % dependence on T
ie recovery hides After-pulses (does not cancel them)
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r Optical cross-talk

G.Collazuol - PSHP 2013 - LNF 20131113

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. - B
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

33



_r Correlated noise sources

;
external cross-talk ,-~
s
+

Some paths for
optical cross-talk

high-field region P high—fi'etd regiun‘\

A.Ferri IPRD 2013

- lower gain - use tiny cells (passive quenching)
— or active quenching devices

G.Collazuol - PSHP 2013 - LNF 20131113
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Recent devices from Hamamatsu (2013)

=

G.Collazuol - PSHP 2013 - LNF 20131113

Afterpulses (%)

40

30 |

20 |

10 +

Reduced After-pulsing and Cross-Talk rates...
(... not simultaneously in the same device)

0
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1
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| ¥ : Conventional MPPC
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K.Sato et al Vienna Conference on Instrumentation 2013
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Photo-Detection Efficiency - PDE

e Three factors
e Recent improvements

e UV and VUV enhanced devices
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G.Col

Photo-Detection Efficiency (PDE) -

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

- X, T and AV dependent

FF: geometrical Fill Factor

fraction of dead area due to structures between
the cells, eg. guard rings, trenches

-~ moderate AV dependence (cell edges)

absorption length (um)

Currant [mA)]

vth
Cess
1997

ot

Jang

| H 2200

Juth

-1

ol M

Lo L

20 30« 30 6l 70
x (pm)

-~

2400

2200



pp QE - PDE dependence on wavelength 2

1-exp(-aW,) | ' T —
exp(-od,)

T 0.8}

0.6

W,=50um

04}

700 800 900 1000 1100
— ) [nm]

G.Collazuol - PSHP 2013 - LNF 20131113

W.Knidt PhD Thesis 1999
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QE - PDE dependence on wavelength A

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

Recombination

Most critical issue for Deep UV SiPM
note: reduced superficial recombination
in n-on-p wrt p-on-n
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Avalanche Trigg. Probability - PDE vs

PDE(%)

161 —e— Photonique 43um;: AV~1.4V; AV ~9%
a) —¥— FBK-irst/l run 40pm; AV~4V; AV g ~12%
1 4 N —&— FBK-irst/ll run 40pm; AV~3.5V; AVAN~12%
i SenslL 20um; AV~3.7V; AVNg~13%
12
SensL 35um; AV~3.7V; AV ~13%
1 O i —X— SensL 50pm; AV~3.7V; AV ~13%
8 _|
6 _|
4 -
2 _|
] e
O : N-Dinirratr-oal— NIM-A /2NN
.ol atl. TIvLrr A (£uUUo)
50
1 b) — HPK 25pm; AV~3.4 V; AVIV, ~5%
] = HPK 50pm; AV~1.1V; AV/Vgy ~2%
40 ] —¢— HPK 100pum; AV~1.4V; AVIV 5 ~2%
1 The errors on PDE measurements
30 — are estimated at ~10%

I4C|)0I o I5C|)OI o I6C|)OI o I7C|)OI o I8C|)OI
A (nm)
Fig. 5a) The PDE vs. A of the Photonique,

FRK-ircst and Sencl devire< and hY HPK

n-on-p structures
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— PDE peak constantly improving

- Improving PDE

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

40 Excelitas |« Monochromator Data
35 ., | m Laser Data
30 o * .,
®25 . L
w20 &
£ 15 v
A FF~50% "4,
o

300 400 500 600 700 8OO  S00

Wavelength (nm)
Photon Detection Efficiency

(00]

i

i

5 = 1L I I I

o = [V =25V AV=3.3V

~ g o bd .

= g f .

3 & r

1 E 4|}_

g g 3,}5 !.I.l. dS PM

~ - | H

N = [ LI | Philips

c% xg: 20k =, L

i N "l M

_ - ’ .

o 10 5

§ i H\Q‘c%
= _I.J'f L L L L L L L L L 1 1 1 L L L L 11 L 1 1 L L L
o T T 400 500 600 700 BOD 500
) & [nm]
O

T.Frach 2012 JINST 7 C01112

for many devices

— every manufacturer shape PDE
for matching target applications

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

-~ VUV SiPMs in development too

F.Wiest — AIDA 2012 at DESY

80 an ecnnology e
KETEK
70 | +31.0 Vet—— AV~ BV
«285V|

- i,

g ]
a ﬁ H}l}{-
& 30 —134 RPN
FF~60% i,
. | T LTI
Active Area: 1.0mmx 1.0mm | itigiggﬁi

Cell Pitch: 50 pm
0 . . . .
350 400 450 500 550 ©00 650 700 750 800

Wavelength [nm]

dSiPM (latest sensor 2011)

— up to now no optical stack optimization

- no anti-reflecting coating

— potential improvement up to 60% peak PDE

(Y.Haemish at AIDA 2012) 41



[ UV and VUV SiPM development

G.Collazuol - PSHP 2013 - LNF 20131113

Without Resin

25%

== VUV improved MPPC

wave length (nm)

[
[
) [
20% == 5STD MPPC [
e [ [
15% [ | |
v o
" ol I L I
= o L [ !
10% e
ol Lo L
ol b L
5% I Y I I N N B I Y I I Y
I L e
N (e et
0% AN I I A M S
w o L = L Lo Lo =] o ~r o =t
~— o~ o =t L w Ll == (=] — o2 Lo
— — — — — — — — o~d o o~ o~

Hamamatsu
VUV-enhanced MPPC

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

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

New windows for applications in

fundamental Physics experiments

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

FBK - Advansid
NUV-SiPM (Near-UV)

35%

e PDE (350nm) ~ 27 %
(FF = 45 %)

PD

e DCR = 200 kHz @ 20°C

(AV = 5V)

5%

30% |
25% |- [[
" 20%: ”
15%

10%

" Fill Factor= 42%

I [ [ 1]

—+ NUV@ 150V 1
s—a NUV @250V ]
—s NUV@450V ]
o—o RGB@450V |

A.Ferri at IDPASC 2013

o [

| | | | | | | | | | |1
§50 400 450 500 550 600 650 700 750 800 850 900
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PDE @ 380 nm

EXO
= Search for rare decay mode
MEG
30°A’ N T I T T T I T T T ]
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i NUV ]
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RGB
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10% |- .
5%~ .
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Timing fluctuations

e SiPM are intrinsically very fast

Two timing components (related to avalanche developement)

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

o Optimization of devices for timing
— use of fast signal shape component
— use pulse shape analysis, better than CFD ... don't use ToT (for single photon)
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_r Timing jitter: prompt and delayed components

G.Collazuol - PSHP 2013 - LNF 20131113

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 um thin devices)
A.Lacaita et al. APL and El.Lett. 1990

- via photon assisted propagation
(dominating in thick devices — O(100um))
PP.Webb, R.J. McIntyre RCA Eng. 1982

A.Lacaita et al. APL 1992

|

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

c) variance of the transverse
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 - PSHP 2013 - LNF 20131113

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 diffus

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

s

Ln+ P/

ta

Li 'High Field :
1" I:' | Region
- 3 =

J .

Guard Ring ' 10
n- I :
; .
1

S.Cova et al. NIST Workshop on SPD (2003) 10
tail lifetime: t ~ L?/ 72D ~ up to some ns
L = effective neutral layer thickness s

D = diffusion coefficient

107 -

103 L

ion

Overvoltage=4V /| FIT: gauss+consj:

| A=400nm

e \VWW"‘WWWMMMMM

0 2 4 6 s 10 12
mod(At,T,..) [ns]

FIT: gauss+consf
+exponential

- 2=800nm /

Overvoltage=4V

s i o patircidemuhin g

0 2 4 6 8 10 12
aser

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

- Neutral regions underneath the junction : timing tails for long wavelengths
- Neutral regions in APD entrance: timing tails for short wavelengths
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! S|ng|e phOton pUISe Shape (Rising and falling edges)

G.Collazuol - PSHP 2013 - LNF 20131113

Amplitude (V)

S S
[i§] ~
[ [

]
W
]

1otons

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

veform if not detrimental

note: using Time-over-Threshold method
for slew correction might lead to worse
resolution in case of single photon pulses

Reminder: <

dl

dt

TN
N

VD
~ Rsp\/; /

1

1 T ( E max / E breakdown >n

S
time (ns)

Rise-time depends on AV, T and impact position
ie signal shape is no
1) CFD method only partially effe
in canceling time walk effects

2) any digital timing filter should
account for shape variations (AV, T)

For comparison about waveform method and various digital algorithms
see Ronzhin et al NIM A 668 (2012) 94
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: Impact position

_r Single Photon Timing Resolution

— cell size dependence
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)

G.Collazuol - PSHP 2013 - LNF 20131113

K.Yamamoto
IEEE-NSS 2007

[ 7S
i N FWHM = 263 ps
|
R
i K FWHM = 294 ps
7 e
! 10
| AN FWHM = 192 ps

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

Due to:
1) slower avalanche
front propagation

2) lower E field
at edges

— cfr PDE vs position

.
%

@
A\ 9%
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m SPTR: FBK devices - shallow junction

G.Collazuol - PSHP ?2N12 - INF 2N1231117

0
Q
o =
o
— 300 —>—
Ay
2
=~ electron
ﬁ,zja . ® ), = 800 nm _linjection
@ ® ). =400 nm |hole
. injection
200 | ! —-contribution-from-
noise and method p
‘. .. (not subtracted)
150 SN eye guide
) In general due to
. . .
100 . drift, resolution
differences
- L ]
. 1) high field junction position
— - shallow junction: o/ > ctle
0 i i i i i | - buried junction: ¢/ < e
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

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

3) above differences more relevant in
thick devices than thin
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| SiPM equivalent circuit and pulse shape

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)

'Td (rise)NRd(Cq+Cd) :
®Tst ra) = Riad Croe  (FASt; parasitic spike):

= R, (C,+C,) (slow; cell recovery)I

®Tsiow (fall)

Firing Other Parasitic
F.Corsi, et al. NIM A572 (2007) 416 microcell microcells grid
; itance
S.Seifert et al. IEEE TNS 56 (2009) 3726 . L capaci
Cq - fast current supply path in the beginning of avalanche

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

e Fall: Sum of 2 exponentials: transient + recovery

¥/> Q Cq - Rload Cd -

V )~ TrasT TsLow
~zic'c, R C+C,° o

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

<< Rqg

==
o
=
T

a

o

O 00

[ta)

[
@]

o

=
o

©
M

R,= 400kQ

AV(Cd+Cq)

Gain still well G = | dr = 0lq, =

—= _:I__ — .'_.I._gl — .';_'.._'3 — dGﬁﬂ@d: qe load Qe

G.Collazuol - PSHP 2013 - LNF 201:&113
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_r Optimizing signal shape for timing (SPTR)

G.Collazuol - PSHP 2013 - LNF 20131113

4
Vmax C2

Enhancing C, does improve timing
- peak height ratio —&L~ g

ynes C C Rz ~ performances

slow tot

Hamamatsu test structures

Yamamura et.al. at PD09

1mmJ100um(GAIN=2.4E+08, 25°C)
Timing resolution of 1p.e. vs threshould

400
= §TD
o A —=— Small pixel
L ——Wide trace [
=
B ST, Small pixel o Widetrace | 3 P rmene oy
' - E 300
Euu | 1 | 1
=10 -20 =30 -40 =50 -60
Thresheld [mV]

Analogous method for timing optimization proposed in C.Lee et al NIM A 650 (2010) 125
“"Effect on MIM structured parallel quenching capacitor of SiPMs”

Note: )
The steep falling front of the fast peak o = O amplitude 2
could be exploited too for optimum timing N s | LS (2)]
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Optimizing signal shape for timing

—

G.Collazuol - PSHP 2013 - LNF 20131113

. and what about using just AC coupling ...

SiPM std architecture

Iy =1

(a)

LS

s

& -l'r' i'r 1

Figure 1: fa) traditional SPM architecture; (b) SPM architecture with inclusion of fast signal terminal.

A

LAl

- fﬁfhi'r" —

—F—N— — AN

i

—v™ —h—

e il

Cirowurnd

SensL new SiPM architecture
for fast timing

(b)

L

FPower
z 2
o @f & o
= fﬁ' -
3 S
Penvd
@ @’ ar
: 0z = z
A } IV S 4

F=e
H

[

i8]

)
EREN N )

The traditional SPM consists of a parallel array of avalanche photodiodes each in series
with a quench resistor. as shown in Figure 1(a). In this configuration both bias and
readout must occur on the same electrode. The introduction of a derivatively coupled
electrode to each APD-resistor pair creates single-purpose signal line which delivers
steeper rise-time pulses than the traditional SPM discharge which 1s inherently limited
by the large output capacitance of each APD [3].

O'Neill et al " SensL New Fast Timing Silicon Photomultiplier ” PhotoDet 2012 - proceedings
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Comparisons

- SiPM vs APD
- Large Area devices - Hybrid

- Large Area devices - PMT/MCP
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" Single photon sensitivity

PMT (Hamamatsu R5600)

E ol NIM A 461 (2001) 587 NIM 112 (1974) 121
o2 3 i Mean T63.7
B F(;':‘s=54.96 :tg.?0-2119 I} 1pe MCP-PMT (Burle)
| To - 1.385 + 0.016 . '
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o L 4pe
NI SRRt |11 N
100 200 300 400 500 600 700 L — ey
(a) — ADC channel : - = ® 00 chonnelna. 320
SiPM V0L PC HPD
10000 NIM A 504 (2063%48 — MIN A 4TT (2002) 172-178 | —_— TL,[,.M A 42 (2000) 164-
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1207 = pe / 600 F i
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| o \ ‘ I I X
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& S 4000 | |- | ! o !
sl it | -'i
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|~ 2000 4 pe “f’—_ \ 200 | 4 N 2
| | : \ [ i
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r Large Area Photo-Detectors - HPD

G.Collazuol - PSHP 2013 - LNF 20131113

Hybrid Photo Detectors

1) Photo-emission from photo-cathode AV-=V,.
2) Photo-electron acceleration to AV ~ 10-20kV G= W '
3) charge multiplication in Si by ionization Si

— reduced fluctuations due to Fano factor (F~0.12 in Si)
O-=VF-G
Optical input window . 4000 —M—E
7/ S
s ,/{// 1. 3500
X e

i

AR,

T

S000 II
Protocathode -

¢ 2500 -
'

AV

Counts

2000 |’

Focusing electrodes 1

1000 =

1 ! ! |
o 200 300 400 500
Channel nr

background from electron back-scattering at Si surface

Silicon detector |

EDIT 2011 School at CERN - photodetectors
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= Large Area Photo-Detectors - H-APD

_u-F"---.

~

T
*a._\
- '""---J/ﬁvalancheﬁain:xau \ LHF;1 \
.-""--._ - x__l“-‘

..:':r":l.-"' I'-'_._,..--— b

Inciedent
Light

|III.
I

-Tota Gain: ~105 ( - @i ‘ \
\ S )
N - Iy

Bombardment: x4500 at Photoelectron

Energ_. of 20keV, SIN: 67
"'\-\___ .___,_F-"///
Electron Multiplier ( Avalanche Diode) Inside of Avalanche Diode

cf. Super Kamiokande Type PMT
1% Dynode Gain: x5, SIN: 2.2

HPD

i Incident
v" has a simpler structure Light

Phaotoelectron

v is expected to save production costs

v have better S/N but lower gain.

Electron Multiplier (Dhynodes)

Developements (Hamamatsu) for various Cherenkov based detectors
- Hyper-Kamiokande
-~ Belle IT ARICH

G.Collazuol - PSHP 2013 - LNF 20131113



- Large Area Photo-Detectors - HAPD

G.Collazuol - PSHP 2013 - LNF 20131113

Electron Bombarded G

© Total Gain ~ 7 10

Bialkali Bombardment gain = 1500

photocathode photon )
—8kV _
NzommI ﬂ hotoelectron

channel APD APD gain = 50

multi-

Dedicated APD layout for
- kinematic E threshold

- protection against alkali
- HV insulation

I
—a-22
1800 — —p22 —

1400 —H 432

N

threshold P

600 .

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

‘ Single photon sensitivity

1400

1200
1000
=
gt 800
600 |
w
400

200

o]

1 1 1
1500 2000 2500 23000 23500 4000
Output Pulse Height (ADC ch)

Use of Photo-cathode:
- limited PDE

1 1
o 500 1000

- limited timing resolution

as : Photocathode Voltage: -BEV

= AD Reverse Bias Voltage: 341V
= 252 x\ Guard Voltage: +200V
F o f Amplifier: Clear-Pulse 580K
g e ~—/ \ Light Source: LED 470nm, ZkHz
g L AN

N

Y.Yusa at EPS 2013
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r Large Area

Focussing
I i

Accelerating

G.Collazuol - PSHP 2013 - LNF 20131113

Photo-Detectors - VSiPM

Photocathode

grid,

grid_ —

wo— 2 pe

Entries

[ pedestal

0 O

3 pe

300 40 500 700 800 %00
Integral(ADC counts*samples)

INFN Napoli — Barbarino et al

and

Single photon sensitivity

Hamamatsu Collaboration

SiPM (Hamamatsu VUV)
- 1x1 mm?

- No epoxy layer

- Thin SiO2 layer

- p-on-n structures

Photocathode

- NEA (GaAsP)
prototype (higher PDE, while
SiPM noise dominates)
- 3x3 mm?

First measurements (2013)

Homogeneous PDE~0.2 over 7mm? e e
- surface enhancement x7

L @threshold 2.5 pe  Current: 800 Hz. New SiPM Generation: 80 Hz

ries

anl

hybrid laser spectra
. @threshold 1.5 pe  Current: 10 kHz New SiPM Generation: <1 kHer

Y
@threshold 0.5 pe Current: 100 kHz New SiPM Generation: <10 kHz I 1227

R.de Asmudis IPRD 2013

Quantum Efficiency [%]
w
S

10 f

(Photocathode applied voltage:  90V)

™

3 mm

200 300 400 500 600 700 800

Wavelength [nm] | Homogenity ¢ > 95% |

3 mm
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[ Large Area Photo-Detectors —» hybrids

G.Collazuol - PSHP 2013 - LNF 20131113

‘ personal comments

Advantages of SiPM vs APD in hybrids

1) high gain in SiPM - no need for bombardment gain, just enough energy
for photoelectrons to reach the active region - threshold ~ O(2-3kV)

2) gain stability
- independent of HV stability
- SiPM gain more stable than APD

3) less critical HV insulation

Note: can keep over-voltage lower than usual for SiPM (- lower noise !)

Common disadvantages of hybrids ‘
1) use of Photo-cathode

- limited PDE

- limited timing resolution

- e backscattering

2) high vacuum needed
- ion after-pulsing
- high production cost (Photo-cathode + high vacuum)
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A few examples of
Cherenkov detectors base on SiPM

- Large Area with Light concentrators
- FACT, Belle II, PANDA

- Proximity focusing
- FARICH with dSIPM
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" FACT: First G-APD Cherenkov Telescope

R TG T T TT I

| /\ — Integrated electronics
operations even during Jg 1470-chand el DRS4 readgut
full-moon nights __ «fast

a0.11°

- PSHP 2013 - LNF 20131113

T.Krahenbihl at PhotoDet 2012

G.Collazuol



r Electronics — fast sampling

G.Collazuol - PSHP 2013 - LNF 20131113

Wire

m) | -

Transimpedance
PMT/APD ,
Wire Preamplifier FADC
12 bit

FADC

-sensitive Baseline
PMT/APD  preampitfier_>"@PE Restoration | 60 MHZ™]
12 bit

_—

Amplitude

High speed

(" oigtal

\arncessi n_g/

low noise amplifier

Shaping stage can only remove information from the signal

Shaping is unnecessary if FADC is “fast” enough

= sampling speed 2x maximum frequency (Nyquist-Shannon)
All operations (CFD, optimal filtering, integration) can be done digitally
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PANDA: DIRC with SiPM

Light concentrator - Pyramid shaped funnels guide

DIRC Principle

Particle
Fused Silica Track ~ Focusing

Radiator j \\ Oprics
C,

/ Cherenkov Photon

Trajectories

Schwiening, |. GSI

Silicon Photomultiplier (SiPM) Array

+ 8x8 cells
(Hamamatsu
S10931-100P)

= active area of
3x3 mm? each

* pixel size of
100x100 um?

= Space between 5
SiPMs to fit with M5
light conce-
ntrator

M.Rihl Vienna Conference on Instrumentation 2013 C(6=0) < Sin/Sout x 80%

— cost effective w.r.t. internal reflection
- less light concentration Winston cone

3D schematic of the detector

Detector
Surface - Light Concentrator

\?
\

| <

Light Concentrator

» 8x8 pyramid shaped
funnels

»7x7 mm? entrance area

» 3x3 mm? exit area
* Funnel length 4.5 mm
* Material: brass, funnels

produced by
electroerosion

* Coated with chrome and
aluminum G
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_r FARICH: Focusing Aerogel RICH with d-SiPM
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Focusing Aerogel RICH for particle ID
— Super Charm-Tau Factory (Novosibirsk): y/mup to 1.7 GeV/c - 21m? detector area (SiPMs)
- ALICE HMPID: /K up to 10 GeV/c, K/p up to 15 GeV/c - 3m? area (SiPMs)

- FWD Spectrometer PANDA: 1i/K/p up to 10 GeV/c - 3m? area (MaPMTs or SiPMs)

FARICH prototype

Square matrix 20x20 cm?

Sensors: DPC3200-22-44

3x3 modules = 6x6 tiles = 24x24
dies = 48x48 pixels in total

576 time channels

2304 amplitude (position)
channels

4 |levels of FPGA readout: tiles,
modules, bus boards, test board

Array of 3x3
Modules

| 4-layer aerogel

* n, = 1046

* Thickness 37.5 mm
* Calculated focal distance 200 mm

* Hermetic container with plexiglass
window to avoid moisture condensation
on aerogel

Module = Array s
of 8 x 8 dSiPMs Digital Photon Counter (DPC)

*~_ TDCand

photoncounter

& Pixel = 1 amplitude ch
6396 cells (DPC6400-22-44)
3200 cells (DPC3200-22-44)

Pixels in module packing density ~70%

Die = 1 timing ch

Digital output of
« Number of photons
* Time-stamp

S.Kononov Vienna Conference on Instrumentation 2013
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_' Digital SiPM 8x8 Array
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DPC3200-22-44
DPC6400-22-44

Power & Bias

FPGA

* Clock distribution

* Data collection/concentration
* TDC linearization

Saturation correction

Skew correction

Flash

+ FPGA firmware

* Configuration

* Inhibit memory maps

>

200 MHz ref. clock

>

>

Sernal configuration
Interface

<
Senal Data
output (x2)

Temp.
sensor

Detector array
8 x 8 dSiPMs
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_r FARICH test beam at CERN T10
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Test conditions

el y-index

pix

i

Positive polarity

e+} u+’ .T[+, K+} p
Momentum: | - 6 GeV/c
Trigger: a pair of sc. counters
|.5x1.5 cm? in coincidence
separated by ~3 m
No external tracking,
particle ID, precise timing of
trigger
Hardware hit selection in a

programmable time window
to fit in data bandwidth

Pixel hit map

hits.yindex:hits.xindex

FE

pixel x-index

Event by Event ring fit

Hit selection and ring fit:

Reject central hits

Select hits in 4 ns time window

More than 3 selected hits per event

4 parameters fitted: Xenter, Y centers Rs 1o

=
I

[T T

Hits/0.02ns

AMI 008

B
L) o Il
L L |

I I | |
T T I ] [
hit time w.r.t. mean event tlime, ns

Timing resolution for Cherenkov hits

EATL

SN

35emn

LT

25MIN0

Joman

A 5MI0

FOa

SN

Q@

= clock skew and SO QGI‘FOW:ZLB@ ::‘: ::1‘:::
3 ring delay correction F _ o s o
L zuwne B T x et S-3eenatTa
s v a7 - oss
3 I f— :::u Tm“.':;;o"f
- N Sigral 00481 = QNI
S0 - Connz  1A420+03 £ 1 Slas0
- N Moanz 023 £ 000
40000 - Sgmaz ERLETT
g
2 die-to-die clock skew R 3
3 correction (ps laser) 2anan |-
Fno_correction S 3 )J
- | Il Il L L 1 Il
-2 LS -f 0.5 o [} ! L3 2 TFO-AE -6 4 0.2 @ @2 04 a8

Hit time w.r.t. fitted event time, ns Hit time w.r.t. fitted event time, ns

Fit two gaussians plus constant.
20% of area is contained in the
narrow gaussian.
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FARICH: Momentum dependence
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_r FARICH: Particle separation
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/K separation

Ry — Rg S.Kononov Vienna Conference on Instrumentation 2013
S=2——————
(og + 0g) Rather idealized simulation for .
g P=6 GeV/c gives PDE improvement
| e ——— N, (m) = 24 expected for next
g Forusing DIRC () Veivie, VT 2007) n/K separation =9 o generation dSiPM

d 3 Experimental results are far from

F simu values, but there are

E Seems to be lower PDE than

t needs o bu checkety ) [mpressive

: I

ik » Resolution deterioration due to anyway ==

. pixel crosstalk

13 . tracking

) (simulation relies on'it

13 * Probably: focusing aerogel tested Cross-Talk between

N gives wider ring than expected dSiPM pairs (same die)

Momentum, GeV/c
n/K: 3.80 @ 6Ge\/c I Crosstalk distribution of pixel pairs I
I-lﬁ(“: 4,50 @ 1 GeV/c Side pixel pairs Corner pixel pairs
_::: ;: RMS 1.487 i f_ bie E

Note (G.C.) : after-pulsing and cross- b i
talk between diodes are kept at very o |
low level by active quenching/reset

crosstalk, % crosstalk, %

~4% crosstalk probability between pixels of one die —

ring radius resolution deterioration
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Conclusions
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PIN photo-diode: No single photon sensitivity

Avalanche photo-diode: massive use in big experiments (CMS at LHC)

e Internal multiplication: S/N improved - still >5 p.e. detectable

e Gain limited by the excess noise due to avalanche multiplication noise
e Practical use for single photon only in Hybrid photo-det. (H-APD)

GM-APD based PM: technology of SiPM is mature

- many flavours of SiPM - w/ external ("analog”) or integrated electronics

-~ candidates for more and more experimental setups including Cherenkov det.
— price decreasing to 10$/cm? (analog SiPM) « competition

e Dark noise (DC) still the most limiting factor - limited active area
— large area hybrid detectors demonstrated feasible (VSiPM or H-GMAPD)

e Correlated noises (AP,CT) under control - lower gain (small cells) desirable

.. - tiny cells (low gain) for reducing noises (DC,AP,CT)
and mitigating radiation damage impact on performances too
— active quenching (Digital-SiPM) is alternative solution those issues ...

e Low T: SiPM perform ideally in the range 100K < T < 200K
— best candidates for applications (superior to PMT also for radio-purity)

Development of GM-APD new directions:

- ultra-fast timing specific SiPM - relatively easy, but still missing

- position sensitive —» relatively easy but still missing

- DUV/VUV sensitive devices - can be done with Si, just started

- IR/NIR sensitive devices — possibly based on different semiconductors

- charge particle detection - just started
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Thanks for your
attention

Additional material —»
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[ Photo-detection in two steps

1. Photo-electric conversion with  “external”
- L] - - 4’ h t _ - -
or without emission in vacuum photo-emission

Emission in vacuum implies

‘—» low detection efficiency “internal” photo-emissi

'-.__.“ Y

" Detector window

¥

Vacuum

‘» low dark count rate

...source of differences between

Photo-Cathode

=%

on ;é

vacuum and solid state devices SRR S ]

including multiplication mechanisms...

2. Internal charge multiplication implies

‘ - better Signal/Noise ratio

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

G.Collazuol - PSHP 2013 - LNF 20131113
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_' Photo-detector family tree

Gas
External photoemission

Solid state
Internal photoemission

- Photo-Diode (PD)
- Avalanche PD (APD)
- GM-APD (SPAD, SiPM)

- Imaging CMOS, CCD

- Quantum well detectors
- Supercond. Tunnel Junc.

cation by
escent anodes

- amplifiers:

= ART/Quasar,

s -HPD, ...)

= Ultra Violet Visible Infra Red

: TMAE,  (uv) Bialkali (IR) _S@As

= CslI K,CsSb o Si

o <=m Multialkali <=

cE TEA <mmm NaKCsSb (1100nm)
il

5 _12.3 4.9 . 3.1 _2.24 176 1.45 E[eV]

& ~ 0 —

S | ' : : : —

O

I
100 250 400 550 700 850 A [nm] 71



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

- Two types of implementation (— arrays)

planar -
% n* metal - reach through
/ f Exidu \
|l L if J
. S A :
fRac=s R.H. Haitz

1. Appl. Phys.,
Vol. 36, Mo. 10 (1965) 3123

" metal

i+ | F {1::I|J

| p* | | 15

2 | Sl
i]:"” || : 21

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

Standard output signal
Q= 10°-10%

ot 1%
kR

Time (a.u.)

Current (a.u.)

Binary device

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

=11

= * Quenching mechanisms

= — Passive quenching: large resistance

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

'.Vhins

the output is anytime a standard signal: Q™C(V .- Vgp)

* GM-APD does not give information on the light intensity _,
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Today

Many institutes/companies involved

in SiPM development/production |
s LU ARV

e CPTA, Moscow, Russia | =

e MePhi/Pulsar Enterprise, Moscow, Russia

e Zecotek, Vancouver, Canada

e Hamamatsu HPK, Hamamatsu, Japan

e FBK-AdvanSiD, Trento, Italy

e ST Microelectronics, Catania, Italy

e Amplification Technologies Orlando, USA

e SenslL, Cork, Ireland

e MPI-HLL, Munich, Germany

e RMD, Boston, USA

e Philips, Aachen, Germany

o Excelitas tech. (formerly Perkin-Elmer)

e KETEK, Munich, Germany

e National Nano Fab Center, Korea

¢ Novel Device Laboratory (NDL), Bejing, China

Philips |

Amplification [EEESIISRIRERY
Technologies RMD
(DAPD) CMOS
SiPM

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



Discrete arrays

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

Hamamatsu 18x16.2

S50x50 um

Hamamatsu 33 64(8x8) ch
it 72x64.8 3 256(16x16)ch

(00]

i

-

g FBK ASD-SiPM4s-P-ax4T- 22x82 x4 16{4x4) ch 50x50 pum

E ; S0 69x63 um

=4l AdvanSiD ASD-SiPMds-P-4x4T-

. 69

=N FK SiPMtile 32 7x32.7 ax4 64(8x8) ch

o =

=4l AdvansSiD

(a

BN corcl ArraySM-4P9 46.3x47.8 3x3 144{12x12)ch  35x35um

S ArraySB-4P9 (blue (based on

E sensitive) monalithic

S Array SM4)

O
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Producer Device ID

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

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

Hamamatsu

Hamamatsu

Hamamatsu S511828-3344M

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

FBEK ASD-5IPM35-P-
AdvansiD 4X4A

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

Monolithic Arrays

Picture

n

*
\ 4
.
<

Effective area SiPM

(mm?)

6ExX6

12x12

116x11.6

11.8x1128

12x12

area/channel

(mm?)

3x3

3x3

1.45x1.45

2.95x2.95

3x3

Nr. channels

4{2x2)ch

16(4x4)ch

64({8x8)ch

16(4x4)ch

16(4x4)ch

ucell size

S0xS0 um
100x 100 um

25x25 um
SO0x50 pm
100x 100 um

50X50 pum

50X50 pm

50X50 pum

35x35 um

/0



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 Poly-silicon resistor

+ Metal resistor
Today many players involved / + VUV technology
« Hamamatsu HPK, Hamamatsu
* FBK-AdvanSiD, Trento

\\ + SiPM Matrixes,
* SensL, Cork

. . _ —< both p-on-n and n-on-p ,
* ST Microelectronics, Catania + vias to avoid bonding
* Excelitas techn. (formerly Perkin-Elmer)
* National Nano Fab Center, Korea Poly-silicon resistor
* Novel Device Laboratory (NDL), Bejing

* MPI-HLL, Munich —— e Resistor embedded in the bulk

* RMD, Boston ————— CMOS process

* Philips, Aachen——e Digital SiPM (CMOS) . AN AR AR

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

CMOS

Some are commercially available, other are prototypes
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quench recovery

r Passive Quenching: tread-off ¢ VS T

- PSHP 2013 - LNF 20131113

G.Collazuol

latch

1]
o
»

A

fast quenching If R9|§ high enough the internal current is so low that
L < > statistical fluctuations may quench the avalanche

proper quenching

RQ ~ hundreds kQ

Haitz JAP 35 (1964)

[sec”][ T T T T T T T

10 r-. | J

quenching time too long ,_/ : N
(and fluctuating) / _

< > bad quenching 106 |-

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

- —

no quenchin .

T N | 1
R, by far too small ° 20 40 60 [uA]
t I —»
). k3G, 2. Turnoff probability per second as function of pulse cu
p vp p




_r Quenching resistor
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autput (aiL)

ooeE -

—.n2
O.OE+00

5.0F—08

1 DE-O7

1.5E=07

time (sec)

fall time (nsec)

100

80 r
80 Rk
0 r
60
50
40
o
20 r
10 F

Imm sq, STO-MPPC (50ump)

150

200 250 300

temperature (K)

The quenching resistor value increases as environmental

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

sheet resistance tknhm!sg_] N
2 & 8 B B B

[

Metal quenching resistor achieved 1/5 temperature dependence

Temperature dependence
of the sheet resistance

#: poly-5i resistor
B metal resistor

fo ]

100

200 300
lemperature (K)

400

Temperature dependence
of the pulse fall time

(@ T

i
#: poly-Si resistor
B metal resistor

Hamamatsu

Adopting
metal
quenching
resistor

Improved
temperature
stability

Recent progresses of
Hamamatsu devices
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Pulse shape: dependence on Temperature

The two current components behave differently with Temperature

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

U

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

HPK MPPC
008 p
T= 785K

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

0.0

100 150
Time (ns)

(a}

200

250

el e e e

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

load

40n

4+

20.0mve -

S

H.Otono, et al. PD0O7

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

00s ¢
— T = TAS K

E 004 — 295 K
E 0.03
2 ooz high pass filter / shaping
2 oot — recover fast signals
g o
S 00

00 20 00 20 40 60 80

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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_r Passive / Active quenching and recharge

V,+AV V +AV V. +AV V +AV

b CE ﬁ
i,

(a) (b)

(c) active recharge; (d) active quench and recharge (Kindt and de Langen 1998)

G.Collazuol - PSHP 2013 - LNF 20131113

Figure 3 — Four Quenching Circuit Schematics: (a) passive quench; (D) active quench;
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_r Reverse I-V
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unmultiplied
perimeter
leakage

kﬁaHeakagei?

multiplied
bulk leakage

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

Note:

- G is linear with AV

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

- Dark Current behavior
and V_, measurement

~ linear with Vbias - linear with AV (overvoltage)

Reverse I-V characteristics at fixed T

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

Viias (V)
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= Improved V,_, temperature coefficient

- PSHP 2013 - LNF 20131113

G.Collazuol

Engineering high electric field & depletion/drift layer profiles

|

E field
-

< W=high field
region width

\>

depth

)

A

E field

4>
depth

- Improved stability & working over-voltage range

breakdown voltage temperature dependence

Fap (V)
= = I d
IR BN B B

(]
o
I

t-a
=l
|

o RGB Technology
o Criginal Technnlogy

(y 110 20 0 40 a0
Temperature (“C)

¥

Gain shift (K™

L0y

&
]

=
)
&

s
2

[

T
b Caloulation:

| RGB-S1PM
dk T AFAT = 2T wVirC =
I nginal SiF}
| e Recent
'P h\\ Symbaols: Expenimental data progresses n
\ °® 41 | FBK-Advansid

\n U ] devices
e

- I_G_I‘_'C—I__

| 2 3 4 3 & 7
Crvervoltage (W

N.Serra: “Characterization of new FBK SiPM technology for visible light detection”, JINST 2013 JINST 8 P03019
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[ V., vs T - T coefficient (AV stability)

2
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Breakdown Voltage

Temperature coefficient

=3[ | . <
= 34 | vbr measured by fitting single / 110
32 | p.e. charge vs bias voltage "~80 mV/K E
30 | (pulsed mode) _«" (above 240K) 0.9 -*
-
28 > the line is 0.8
26 o for eye guide
24 e - 0.7
22 .__’_,_,-f“" FBK g
0 devices 2007 s >
18 : : : : : : —
50 100 150 200 250 300 350 o
T(K) \J%
G.C. et al NIM A628 (2011) 389 2
70 f—- i T =
- HPK devices

Breakdown'oltage [V]

56

66
54
62
60
58

AVbr /Vbr /AT

_____________________ _________ N'O'.'Z‘:O"'O/O/'K""é ______________________ i

i 100

(400 pixels)

T T LT .|..|..|...|..|..|..|..|..4..1.1 TT T IJ--|-LLI-

60 B0 100 120 140 160 180 200 220 240 260 280
Temperature [K] ], Csathy et al NIM A 654 (2011) 225

Fig 6 Breakdown voltage as a funcrion of temperature of the MPPC with 400 pixels.

130

200

230 T (K) 300
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T T T T T T T ]
“’"IZ— =
W 100 —
L .
n o E
B L ]
Z ]
g [ == Data 1
~ [0 Simulation i
] “':_ — After-puises ]
e — — Cross-talk g
2% — Dark-rate |
Excess noise [
R | i | | T H————
:nl— ' ' _
15 —]
* 10 —
K00 1000 1500 2000 2500 S000 3500
N,
12 L DL L R L L DL L L G NN LN N NN L
N —=— Data
— i 0 Simulation
1o High Uﬂiﬂs — After-pulses
~ — Cross-talk
8 —— Dark-rate

Excess noise
I
f

=
IT

Resolution a, _[# Pixels]
LI ? 11

EEEn__r 5

o

]
[=]

8
g
Bl
g
.

Amplitude fluctuations

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

Eckert et al, Procs. of PhotoDet 2012

!"""'"I""I""|----|---......
1.8 —s— Data H
. High V.. 0 Simulation =
E 16 E Bias —— After-pulses E
z — Cross-talk H
E 1 —— Dark-rate H
= Excess noise
: el
F E
g -
E 0 E
E 0.8 =
3 =
x 0.4 _:
0.2 e E
o S .:“'.-.“:“'“'.T“.‘r'“'"".'“.“'_-T_'":',"'":"'"",r_
B0 -
“ -
20 ]
o6 1500 2000 2500 3000 rﬁ

 /7PDE,CT, AP

7 Ny D)

see also Musienko et al JINST 2 2007 P0600
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» After-Pulses vs T (constant AV)
|
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PAP

T<100K: additional trapping centers

Measurement by waveform analysis:
- trigger on single carrier pulses (with no preceding pulses

05 - A V=15V within At=5pus), count subsequent pulses within At=5us
"FBK devices (find the after-pulsing rate r,,)
S - Subtract dark count contribution

04 b - extract after-pulsing probability P,,

| corrected for after-pulsing cascade c};f}**P _ Fup
: AP 1_|_]/_AP

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

T decreasing: increase of
i 5 : | - characteristic time constants
IS S S S (SR ...of traps (r,.. ) compensated

traps

I 3 . . by increasing cell recovery
4 et e time (R))
1 1 | | | | | | 1 I 1 1 1 1 I | | | | | | | 1 1 | 1
50 / 100 150 200 250 300
T(K)

e several % below 100K

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

activated possibly (?) related to onset oom)
of carriers freeze-out G.C. et al NIM A628 (2011) 389
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_r Disentangling noise components

G.Collazuol - PSHP 2013 - LNF 20131113

Signal
filtered
to reduce ‘

pulse
length

We acquire
ms-long
waveforms

C.Piemonte - Scuola Nazionale Rivelatori LNL 2013

Ampliude (V)

0.08

0.08 -
0.07
0.06 -
0,08 |
0.0d4
0.0% -
0.02
0.01

0,01 -

0,02

¥ | |DLED signa

Qriginal signa 1

o

10

20

30

40 G0

Tima [ns}

¥

&0

- time delay array

~ amplitude array
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r Disentangling noise components

G.Collazuol - PSHP 2013 - LNF 20131113

1x107

3
T " ] dipect cross-talk
8 2 e ot W - .;'!":'"_'::'M-‘f:' )
p .o Sy e *"{‘a"m'f"H‘-“"
E o . 8" n:.+:;" T :.il:" e
P diayaef R
E cross-tajk . SRS
S I At :
E N primary dark counts
after-pulse
0 3 : E; I 7 I G I =]
1x10 1x10 1x100 Tx10 1x10°
1x10* oo
primary events
a | delayed :
1%10 cross.talk after-pulss
£
]
O
12107 | t
t
- b
1210’ 7 .
11077 1107 10 110" w107 1x10

Time distance (5)

Armplitude (fired cells)

¥

[ oW ]
T

=h

a

; pulse amplitude histogram

—

cumulative histogram

1o  wip!

e et et
Rate (Hz)

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

- delayed correlated components

C.Piemonte - Scuola Nazionale Rivelatori LNL 2013

1x10°
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= Improving PDE by E field engineering

G.Collazuol - PSHP 2013 - LNF 20131113

PDE

0
0% T T | | | |
L Solid-Closed: 560 nm — Latest “"RGB”
30% Dashed-Open: 400 nm ] FBK devices
SV 0 vs older devices
20% |- —
10% |- -
[ 50 pm cell |
0% I T T I A R N
0 1 2 3 4 5 6 7
Overvoltage (V)
N.Serra et al Table 1. Main properties of the fabricated RGB-S1PMs.

JINST 8 (2013) P03019

FBK n-on-p RGB-S1PMs.
SiPMsize (mm?) 1x1,3x3,4x4 Gain ' 4106
Cell pitch (m) 25-50-70-100 R quenching (at 20°C) 500 k€2
Fill-factor (%) 21-45-58-72 Cell capacitance (1) 170 fF
Vap (at 20°C) 285V Rise time (D(2) 5.6 ns
Dark count rate (1) 480 kHz Recovery time (12) 350 ns

(13 13 1 mm?® SiPM, 50 pum cell at 20°C, OV=4 V: (2) Single-cell pulse, see figure 2. 89



| PDE vs Temperature (AV constant)

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

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

G.C

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

When T decreases: 1) silicon E., increasing

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

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

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

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

Relative Efficiency (%)

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

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

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

304

0 50 100 150 200 250 300
Temperature (K)

Additional effects in APD
(depletion region depends on T, ...)
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_r Single Photon Time Resolution = gaussian + tails

G.Collazuol - PSHP 2013 - LNF 20131113

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

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

Data at A=400nm

A simple gaussian component
fits fairly

Data at A =800nm

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

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

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

Gaussian
rms ~ 50-100 ps

10° -

10°

107}

+ Tails (long &)

contrib. several %

~ exp (-t / O(ns))

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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PDE vs timing trade off / optimization

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

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

E field

depth

depth

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

better for PDE

<1, (ps)

aips)

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

- PSHP 2013 - LNF 20131113

G.Collazuol

Assumption:

Bulk damage due to Non Ionizing Energy Loss (NIEL) < neutrons, protons

Surface damage due to Ionizing Energy Loss (IEL)
(accumulation of charge in the oxide (Si02) and the Si/SiO2 interface)

Non Ionizing Energy Loss (NIEL hypothesis)

10%,
1031

D(E)/ (95 MeV mb)

103¢

Examples of radiation tolerances for HEP and space physics
ATLAS inner detector ...

G.Lindstrom et al. NIM A426(1999)1-15

« vy rays

damage scales linearly with the amount of

N protons 53.3 MeV
reactor neutrons . protons (Ma/tsumura)

(T.Matsumura-PD07) N
\ - ‘/A/:/

electrons

%0Co y-ray
(Matsumura)

010109108107106105104 103 102107 109 100 102 103 104

General satellites

particle energy [MeV]

3x10' hadrons/cm?/10 year
~ 104 hadrons/mm?2/s

.. ~ 10 Gy/year

protons 200MeV
(Danilov-VCIO7)

protons 400MeV
(Musienko - NDIPOS8)

et 28 GeV
(Musienko)

Expectations:
protons / y-ray ~ 100
protons / neutrons ~ 2~10
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| Radiation damage: effects on SiPM

- PSHP 2013 - LNF 20131113

G.Collazuol

1) Increase of dark count rate due to introduction of generation centers

Increase (AR,.) of the dark rate:

ARpc~ Py a @, Vol /q,
where a ~ 3 x 10°Y7 A/cm is a typical value ¢ independent of the substrate type

of the radiation damage parameter for
low E hadrons and Vol . ~ Area

NOTE:
The effect is the same as in normal junctions:

e dependent on particle type and energy (NIEL)

sim X €geom X W @ proportional to fluence

2) Increase of after-pulse rate due to introduction of trapping centers
— loss of single cell resolution — no photon counting capability

R Indications from measurements:

1) no dependence on the device
D similar effects found for SiPM from
T MePHY (Danilov) and

HPK (Matsumura)

l,UA |
2 SiPM
107 MePHY
SiPM 4.
10 & HPko
&

't

(normaliz. to active volume)

2) no dependence on dose-rate

O Sample #20 (130 Gy/h)*  Hpk (Matsumura)
O Sample #21 ( 16 Gy/h)

] 3) n similar damage than p

1 10

proton flux x108/ mm?

Ll 2-
10
4) p x10'-102 more damage than e



B Damage comparison

G.Collazuol - PSHP 2013 - LNF 20131113

(]
L]

Current after 1 hour (pA)

Damage effect ...
almost the same for

protons and neutrons \

HPK devices
T.Matsumura — PD0O7

] 1C 1
irradiated dose (Gy)

Damage effect ...

1~2 orders larger with protons

than y-ray irradiation

2.3x10°> p/mm?2/s (130 Gy/h)
Leaw @ (V,,, 1.4x108p/mm?2) = 6.7 uA

%8 685 69 695 70 705 71 715 72

4 2%x10° n/mm?/s

Ieak @ (Vopl 1.0x108 n/mm ) = 8.5

@Aﬂ

v
ol 100pixel MPPC: "
| v
E X v
@)

‘before

|rra|dia?"cion

68 685 69 695 70 7%5 1

71 5. 72
1as voltage (Vz

Neutron irradiation

Bias Voltage (V)

T.Matsumura - PD07

proton irradiation

10 I3
L i
i 4
< | 2.8x10%; !
i
S p/mm? ;
o= - I =
c B k) i
o Pi
c 6 i
B i
| Ii i
O 0 {7 1.4%x108
i i
41 : i p/mm?
B i
2_ !!ix‘;
- ‘ﬂ/j before
irradiaation
mé/ il il
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_r Radiation damage: neutrons (0.1 -1 MeV)

2013 - LNF 20131113

8.3x10% n/mm?2 3.3%x10> n/mm? 1.0x108 n/mm?2
~10 - ~10 - ~10 | v
[ [ ] [ N v
é 9 X 100p wel MPP :vv é_ 9 [ 100,0 xe| MPP &i é 9 100p xel. MPP. vv : '\
o _ & = | _ K} £ | N M . -
2 8¢ Before irrad .-,' 2 8¢ Before irrad: ? £ 8 e~ Before irrad; ° Q
S After irrad \ St After irrad. Y S 7 b After irrad.y . a
6 [ & 6 [ .' 6 [ 'V : |
A A 9 [ v S ©
5F 5¢F Q’ St v S o
i i o 4l v Ny 3
! ! v "'v o E
3F 3 3f 8 3 a
- - F v
B i - v
1} 1} 1} i =
0 ' ' S ~
§ 685 69 695 70 7%1‘5515%1&%65(\52 68 68.5 69 695 70 7ggsz})ltzée5(vzz 68 68.5 69 695 70 7ggs%ltggles(vzz
10°> n/mm?2 107 n/mm?2 108 n/m 10° n/mm?2 1019 n/mm?
| | | | | .
| | l | l
n dose
L

- I

U T

G Colla7iinl - PSHP

EEE 20.0mVe

CFEOne A Chd A 220my

ETFRETTERL IS SUSTULT b oL CE SRR 3

AT R R e |
0.0my

3_.__.4_4_-_;_L-_'t L

a) 200 2200!"9 k Ch3 = 136

e bun 7 i [50.6000ns
i (89,600 0ns WS HE o omvi -

* 58, G000ns

' o ﬁ—,

[-V drastically change. No signal
Signal pulse is still there,

but continuous pulse height.

(No photon-counting capability)

Nakamura at NDIPO8
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r Radiation damage: neutrons 1 MeV E_,

G.Collazuol - PSHP 2013 - LNF 20131113

New Hamamatsu MPPCs (bias non-corrected, R =3 kOhm)

100

s .
* 50 mkm I *
425 mkm . " A .
. i +
+ 20 mkm . i . .
< ® 15 mkm . A . .
E i ¢. n
e hi ]
E ¢ A . ’ "
£ 10 . " m———
Q "
= *a
m *
(] N .
+ ]
.
[ |
1
1E+10 1E+11 1E+12

- No change of V_, (within 50mV accuracy)
- No change of R, (within 5% accuracy)

Neutron flux [n/em?]

- I,.. and DCR significantly increase
Y.Musienko at SiPM workshop CERN 2011

1.2

LED vs. Flux (R =3 kOhm, no bias correction, non-annealed)

x E :: -
0.8 X ' = i
L . - . .
0.6 * ®
NDL SiPM, 0,25 mm*2, 2500 cells | *
04 « MPPC, 1 mm*2, 4439 cells 1 .,
s MPPC, 1 rim*2, 2500 calls *
# MPPC, 1 mm*2, 1600 calls *
0.2 | 4 MPPC. 1 mm*2, 400 calls e
0
1E+10 1E+11 1E+12 1E+13

Neutron flux [nicm?]

SiPMs with high cell density and
fast recovery time can operate
up to 3*10%? n/cm? (8G < 25%)

Radiation damage effects are mitigated by using devices with:
- small cells - smaller charge flow (smaller gain - charge)

- thin epi-layer
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Comparison
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r SiPM vs APD for single photon

G.Collazuol - PSHP 2013 - LNF 20131113

APD biased for low gain M < 1/k

e fast exponential growing due to only electrons

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

- small gain fluctuations

e Timing fluctuations are small limited by
the length of depletion region

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

Hayat et al J. Lightwave Tech. 24 (2006) 755
Fox et al Rev. Sci. Instr. 70 (1999) 1951

Position

ﬁ%

Eigctmn |
Injection

Single Carrier

*ru":-f___

%4 Multiplication
" 1"-;:; #
g, =0 | TR py
| Good
|
|

Time

APD biased for high gain M > 1/k

¢ hole ionization events contribute
- increase of gain is the result of small numbers
of large pulses that are due to one or more hole
ionization initiated secondary avalanches

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

- large gain fluctuations

e slow buildup and long pulse due to
many carriers over long time
- large timing fluctuations

+ Positive feedback

Time . ..
EI#_.?Etri;:n > Fosition . N
Injection “-a\h |
|
& % : Two carrier
I ﬂ A, i Multiplication
B &P % | Isbad
‘% J ¢ Slow
§ d
I
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[ SiPM vs APD for single photon

-~ ENF increases with increasing gain

1‘ APD - Temperature coefficient also increases with gain
0 \* O (... gain stability)
P* - Type Devices with high multiplication noise are

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

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

2 Reminder about SiPM correlated noise

E 1) no multiplication (excess) noise in SER

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

I

g_f.) 3) Correlated noise is there, namely After-Pulsing and Cross-Talk
% It does not prevent clean single photon

O
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Vacuum sed PD
[ acuum based

G.Collazuol - PSHP 2013 - LNF 20131113

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

matrices of

Issues

~ large area at low cost - intrinsic limit QE < 40%
- low capacitance - broad SER

- imaging capabilities (large pixels)
- high frequency response
— fast speed

- stability

- high voltage, bulky, fragile
influenced by B, E fields

damaged by high-level light
ageing (eg. He)
radiopurity

Developement /\,

~ photocathodes: new materi=!s and g metries - high QE \\
— ultra-fast, large area, imaging MCP based PMTs _ Recovery
> hybrids (eg photocathode + SiPM) »\ﬂa\rf\ow SER Time S

_—
_—
_——
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_' Fast Timing & Imaging devices

G.Collazuol - Siena - IDPASC 2013

matrices of
Multi-anodes PMTs  Silicon-PMTs [10] Micro-Channel Plates [1]
Dynodes Quenched Geiger in Silicon Micro-Pores

Foch =l x
Heat]

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

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

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

J.F.Genat, LAPPD Electronics Workshop (2012) {04



r Large Area Pico-second MCP Photo-detectors

n

4
1

co
- Porous glass

Ll

—Resistive coating ~100nm (ALD)

—Emissive coating ~ 20nm (ALD)

onductive coating
(thermal evaporation or sputtering PN &

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

» 50 Q impedance
* 1.6-0.4GHz bandwidth

~ 33mm plat

1

H TopWindow

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

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

=+ Far end anode readout

R Near end anode readout

500

LAPPD
http://psec.uchicago.edu/
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r The light amplifier approach

G.Collazuol - PSHP 2013 - LNF 20131113

Old idea of the smart Philips/Quasar PMT combined with SiPM:

strong focussing of the photoelectrons + a secondary photon readout

Backconversion to light

Photoelectron / many (>103) photons per initial photon

acceleration

focused //
Photon The X-HPD — Conceptual Study of a
¥ p Yy
i Large Spherical Hybrid Photodetector
e gc Sp Yy
- — Electrical *
Si gn al A Braem®, C.Joram™ | J.Séguinot®, P. Lavoute®, C. Moussant”
® CERN, PH Department, CH-1211 Geneva, Switzerland
S m a I I p h Oto n bPho!onfs SAS, F-19100 Brive La Gaillarde, France
detector with
high internal Cathode area
PHOTOCATHODE gain ... OversA@deg
NOTE:

e Simple production (no dynode coating)

T can be optimized for cathode production
e Today exist very fast and high yield scintillators
e No bleeder current needed: low power HV gen.
e Combined gain very high: easy 10’
e Insensitive to the earth magnetic field
e Easy to install new very powerful getter pump
e SiPM not be damaged by light (even daylight) 10 mmg spHERICAL

SCINTILLATOR , <1 p51GNAL OUN
Conductive reflector BIAS IN

GLASS LIGHT GUIDE
PART OF VACUUM SEAL

10 x10 mm G_APD
HT. ELECTRONICS

106



G.Collazuol - PSHP 2013 - LNF 20131113

Applications
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FACT — Selected events of the first nights of data-taking (October 2011)



r Light guides

hollow

Optical coupling

(4% / (4N
AV | : :

\

— higher concentration than hollow cones
due to change of refractive index, O(12-17)

Solid vs Hollow

|-
~8% less light

— two Fresnel reflections less, ~8% gain

G.Collazuol - PSHP 2013 - LNF 20131113

— needs good optical coupling, i.e. good glueing
109



g _Digital SiPM

G.Collazuol - PSHP 2013 - LNF 20131113

» Operating frequency: 200MHz
* 2 x TDC (bin width 23ps, 9bit)
*» Configurable trigger network

* Validation logic to reduce sensor

dead time due to dark counts

* JTAG for configuration and

scan test

* Electrical trigger input for

test and TDC calibration

Clock,
Syne, Data out
Configure
Controller
. 1 # of broken
Timestamp down cells
TDC
_t— Accumulator
TDC Trigger
f 1
Array of

Geiger mode cells

Sensor Architecture

Digital SiPM — State Machine

ready

no

yes

collection

v

readout

v

recharge

* 200MHz (5ns) system clock

» Variable light collection time up to 20us
5ns — 80ns ° 20ns min. dark count recovery

* dark counts => sensor dead-time

* data output parallel to the acquisition

Ons — 20us
of the next event (no dead time)
» Trigger at 1, z2, =3 and =4 photons
680ns
» Validate at =4 ... =264 photons (possible
10ns — 40ns to bypass event validation completely)

Digital SiPM — Trigger Logic

Sub-
pixel

Sub-
pixel

Pixel trigger

* Each sub-pixel triggers at first photon

* Sub-pixel trigger can be OR-ed or AND-ed
to generate probabilistic trigger thresholds

* Higher trigger threshold decreases system
dead-time at high dark count rates at the
cost of time resolution

First photon trigger

T.Frach Heraeus Seminar 2013
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_r FARICH: Stability - radiation and thermal cycles

G.Collazuol - PSHP 2013 - LNF 20131113

‘ Radiation damage: Dark count rate changing

Partial recovery is observed after annealing

diz v-index

17/06/M12: die DCR map

oo 4 6 & MFI2 M4 MG & M 2 M

die x-index

5t day of beam

for 2 days at 30°C

DCR, MHz

diz v-index

Mote: radiation dose was not
monitored during the
experiment

24/06/M12: die DCR map

DCR, MHz

& M1 Of4 06 & 2 2F M

die x-index

| 0t day of beam
with 2 days break
at +30°C

24

[

Breakage: only 4 of 36 tiles failed after 2 weeks and several thermal cycles.
DPC modules and tiles was not designed to work routinely at low temperature

with frequent thermal cycles. It was just a first test.

S.Kononov Vienna Conference on Instrumentation 2013
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