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Review of solid-state photon detectors
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Geiger-Mode Avalanche Photodiode

The first single photon detectors operated in Geiger-mode
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Quenching mechanisms
— Passive quenching: large resistance

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

Q= 10°-10%

I
NN
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Binary device

* If one or more simultaneous photons fire the GM-APD,
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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Model of GM — APD & passive quenching

DIODE >+ OFF condition
- 71/ Ro

AN — No charge traversing the breakdown region

S\I/{ \ : — S—open
|

Ves Cp — charged to Vigas > Vip

— 1~ 0 through the circuit

I .
Ry % l’i _, * ON condition

[ — Avalanche discharge triggered by a carrier generated in
the breakdown region (e.g. photon or thermal carrier)

— S—closed

— Cp discharge to Vg with a time constant
Tdischarge = I:\)D * CD

— Current through circuit increases asymptotically to
liateh ~ (Veias — Vapy/(Rg + Rp)

— Diode voltage decreases from Vg a5 t0 Vgp

2 OFF condition
— S—open
— Cp — recharge again to Vg, With a
time constant R, * Cp, (much longer than Ry * Cp)

t, & t, time * ready for a new detection

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013
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What is a Silicon Photomultiplier (SiPM)?

» matrix of n cells connected in parallel (e.g. few hundreds /mm?) on a common Si substrate
e each cell = GM-APD in series with R
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Key personalities in this development: Quasi-ana Iog device
V. Golovin, Z. Sadygov * If simultaneously photons fires different cells,

the output is the sum of the standard signals: Q~2Q,
* SiPM gives information on light intensity

e Different producers give different names: SiPM, MRS-APD, SPM, MPPC...



] Silicon Photomultiplier (SiPM)

Advantages
© high gain (10°-10°8) with low voltage (<80V)
© low power consumption (<75uW/mm?)
© fast (timing resolution ~ 50 ps RMS for single photons)
© insensitive to magnetic field (tested up to 7 T)
© high photon detection efficiency (30-40% blue-green)

© mechanically robust and compact

Possible drawbacks

® high dark count rate (DCR)
* early productions: ~100kHz — 1MHz/mm? at T~25°C; th=0.5pe
 today productions: ~20kHz at T~25°C; th=0.5pe

* thermal carriers, cross-talk, after-pulses

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

® temperature dependence

* V;p, Signal shape, Ry DCR, PDE



G.Collazuol - PhotoDet 2012

B i ,---,-. “w Technologies

Today

Many institutes/companies are involved}3
in SiPM development/production:

e CPTA, Moscow, Russia
¢ MePhi/Pulsar Enterprise, Moscow, Russia Philips |
e Zecotek, Vancouver, Canada CMOS |
 Hamamatsu HPK, Hamamatsu, Japan

e FBK-AdvanSiD, Trento, Italy

e ST Microelectronics, Catania, Italy

« Amplification Technologies Orlando, USA
e SensL, Cork, Ireland

e MPI-HLL, Munich, Germany
¢ RMD, Boston, USA

¢ Philips, Aachen, Germany I Fab
 Excelitas tech. (formerly Perkin-Elmer) ' Korea
e KETEK, Munich, Germany i
+ National Nano Fab Center, Korea
¢ Novel Device Laboratory (NDL), Bejing, China
e E2V

* CSEM Amplification

——— —

(DAPD)




SiPM today (just few examples)

Nicoleta Din

u, Ecole microelectronique IN2P3, 24.06.2013 | ‘

SiPM'’s of small area

¥ o

Hamamatsu HPK
S10362-11-025,050,100
1 X 1 mm?

SiPM’s of large area

ZEKOTEK FBK - AdvanSiD Hamamatsu HPK KETEK
3X3mm 4 X 4 mm2 4 X 4 mm?2 3 X 3 mm?

STMicroelectronics
SPM35AN
3,5 X 3,5 mm?



Discrete SiPM arrays

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

511064-025P 16(4x4)ch 25x25pm

Hamamatsu

$11064-050P 50x50 pm
Hamamatsu C11206-0404DF 3x3 64(8x8)ch
Hamamatsu $11834-3388DF 72x64.8 3x3 256(16x16)ch
FBK ASD-SiPM4s-P-4x4T- 8.2x8.2 4x4 16(4x4)ch 50x50 um
. 50 69x69 pm
AdvanSiD ASD-SiPMds-P-4x4T-
69
FBK SiPMtile 32.7x32.7 4x4 64(8x8) ch
AdvanSiD
Sensl ArraySM-4P9 46.3x47.8 3x3 144(12x12)ch  35x35pum
ArraySB-4P9 (blue — (basedon
sensitive) \ = __\ monolithic

Array SM4)



Monolithic SiPM arrays

Producer Device ID Picture Effective area SiPM Nr.channels pucell size

(mmZ) area/channel
(mm?)

Hamamatsu S$10984-025P

4(1x4)ch 25x25 um

[ an o o o)
$10984-050P I 50x50 um
$10984-100P 100x 100 um
Hamamatsu $10985-025C 6x6 3x3 4(2x2)ch 25x25pum
$10985-050C 50x50 um
$10985-100C 100x 100 pm
Hamamatsu $11828-3344M 12x12 3x3 16(4x4)ch 50x50 um
FBK ASD-SiPM1.5s-P- 11.6x11.6 1.45x1.45 64(8x8)ch 50x50 um
AdvanSiD 8X8A &
FBK ASD-SiPM3S-P- 11.8x11.8 2.95x2.95 16(4x4)ch 50x50 pm

AdvanSiD 4X4A

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

. 12x12 3x3 16(4x4)ch 35x35um

==
| ]
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SiPM characteristics
@ room temperature
- dark conditions -
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SiPM DC characteristics

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013
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First test to verify the functionality of the device: breakdown voltage & overvoltage range
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= -7 E 8- = o
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‘, SiPM reverse IV characteristics

SiPM’s of 1x1 mm?2 with different technologies of 2007 productions

= -5

S 103 5

. .

X —~ 10 =

N < 3 —w— FBK/I run 40pm, Vgp~34V i
) = - —A— FBK/Il run 40pm, Vgp~28.5V &
% c 1 O- = —#— SensL 20um, Vgp~28.3V /
= ) : SensL 35um, Vgp~28.3V

= = g —x— SensL 50pm, Vgp~28.3V

S °o 10 = & HPK 25pm, Vgp~69.2V

g ) ; > HPK50um, Vgp~69.2V

S o 9 . —4— HPK 100pm, Vgp~69V

3 © 10 =

Q > E

= q) &

N -

S 107 -

S

% 11 (e sss656s6s:

@ 10 I|||l|llllll|||||lllllll|]||||I||l||||||||||||l|||||||||||||||l|l]
< 10 20 30 40 50 60 70
kS

é Abs Vbias (V)

3 N.Dinu&al, NIMA 610, 2009
&

QS

= .

< V4 range: 15-70V, based on device technology




SiPM forward IV characteristics

o

SiPM’s of 1x1 mm? with different technologies of 2007 productions
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Thanks to all team: V. Puill, V. Chaumat,
J.F. Vagnucci & C. Sylvia, C. Cheikali
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SiPM’s cell signal

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

Read-out by a voltage amplifier (500 MHz, 50 O, 45dB)

|I—— === | 5/8 on a scope (500 MHz)
I sd M ..
V 0.00+ ™ Ao 2 g A
I VB }. CD—— I —_ BIAS
| | S -0.05-
| Rp | £
= —— Hamamatsu 25um/5xt,ecove ~50ns
I_ —_— e — J g— -0.10+ Hamamatsu 50um/5xt,ecove ~150ns
< ~&— Hamamatsu 100um/5Xtrecovery~400NS
uenchin -0.15+
| {? me _ ¢
e 20.20 e I I — —
l-exp(-tf'rd) Time (s)
—

| N.Dinu&al, NIMA 610, 2009

= Measured signals characteristics
= rise time: 7, = RpCp ~ 1-3 NS (read-out chain should be taken into account)

= recovery time t.ocvery = RoCp (influence the dead time and dynamic range):
= ~ tens of ns for FBK, HPK devices; up to 200ns for SensL devices
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e SiPM cell gain & capacitance

Defined as the charge developed in one cell by a primary charge carrier:

chll Ccell X (VBIAS _VBD) — Ccell x AV

Gain = =
e e e
N. Dinu & al, NIM A 610 (2009) 423-426
6
6.0x10 @ Photonique 43um; C.__, >30TF; Vo ~15.6V B HPK, 25um/C, .5

55- v FBK/Irun W20 40m; C,.,, ~651F; Voo ~34V X HPK SOumiC.

g A FBK/Iirun W3 40pm; C ., ~65fF; V,,~28.5V = 1 QUHMILy e ~125F
5.0 ¥ SensL 20pm; C,.,, ~80fF; V,,~28.3V ¢ HPK, 100pm/C,ce 5007

4.5 SensL 35pm; €, ~150fF; Vo, ~28.3V

40- X SensL 50um; C,,, ~300fF; V,,~28.3V
3'5 E B HPK 25pm; C, ., ~25fF; V,,~69.2V
c 97 B HPK 50pm; C,, \ ~125fF; V,~69.2V
8 3.0+ & HPK-100pm;-C . ~500fF; Vys~69V
2.54
2.0
1.5

1.0

051 /
ool # N |

Overvoltage (V)

e Gincreases linearly with V,,_. at a given Vg,
e G:5x10° - 5x10°% = simple or no amplifier required
e The slope of the linear fit of G v.s. AV = cell diode capacitance
Cpixel * t€Ns to hundreds of fF
* G and C,, increase with the cell geometrical dimensions

Coixel ~ €0€,S/d; S - cell junction surface; d - cell depletion thickness 18
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‘ SiPM noise

Dark count rate
» the main source of noise limiting the SiPM performances (e.g. single photon

detection)
0 It_h?] number of false photon counts/s registered by the SiPM in the absence of the
ight
» three main contributions:
» thermal/tunneling — charge carriers generation by thermal/ trap-assisted tunneling
phenomena — pulses looking the same as real photon pulses
» afterpulses — carriers trapped during the avalanche discharging and then
released triggering a new avalanche
» optical cross-talk — photo-generation during avalanche discharge (hot carrier

luminescence phenomena)
— these photons can trigger an avalanche in an adjacent pcell

at the scope

Dark signal

h |

)2 ‘ ' |

- | double l

\ signal

. \ (optical

s | IEresai S cross-talk) single cell signal

single cell signa B P
| , | , 1

r—ﬁﬂ&-ﬂ? o 1e-07 Z2e-07F 3e-07 A2-0F Se- 07 Se-07

Tme (8) 19
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Dark count rate (counts/s)

1-. SiPM dark count rate

DCR of single cell of DCR of different SiPM’s of 1x1 mm?
40x40 pm? from FBK-irst e
£ 0x10° , , , , , i X | ®  HPK 25 pm; th=0.5pe
experimental data m > HPK 50 ym; th=0.5pe
linear fit - ~ @ HPK 100 pum; th=0.5pe
3 --'/ I
4.0x10° e =
_r'"/ 2
" ©
30x10° | o - _
. 5 0.5
Q
3 - S
20x10° S <
| ©
S/ =)
3 /
1.0x10° | e
0.0x10 B 12 13 3 36 36 0

abs(Bias Voltage) (V)

Piemonte & al., IEEE TNS, Vol. 54, Issue 1, 236-244

N. Dinu & al, NIM A 610 (2009) 423-426

DCR - linear dependence due to triggering probability o« AV
- non-linear at high AV due to cross-talk and after-pulses oc AV2

DCR scales with active surface = Critical issues:
= Quality of epitaxial layer
» Gettering techniques



13

ique IN2P3, 24.06.2013

Nicoleta Dinu, Ecole microelectron

SiPM characteristics
@ room temperature
- light conditions -
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Banc optique / boite noire

CCD camera

Keithley

GPIB

Pilas laser diodes /

405, 470, 635 nm table translation 3D
7 (6 um precision)

X
Monochromateur = Pt100 l_ Multimeter 2000
Source halogéne 350-800nm ) Photodiode :
(100W) xgm;:ﬁﬁ calibrée ,— Keithley _2612
D T Vpias & PICOA
A - o L
<§<\;‘(>}I ------ D\/-ﬂme- --------- IPELLLLELELEL -
Filtres | SIiPM \—{ TDS 5054
i neutre

500MHz, 5GS/s |

Pulse generator

A

RS232

Laser diode driver

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

« DC method & AC counting methods

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

= low incident flux (~ 107 incident photons /s/mm?) — to avoid the SiPM saturation
= calibrated photodiodes (HPK S3590-18, UDT Instrument 221)
= the number of the photons recorded by the SiPM — evaluated by two methods:

] Light measurements — continuous or pulsed light

LabView

Thanks to all team: V. Puill, V. Chaumat, J.F. Vagnucci, C. Bazin
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Photon Detection Efficiency (1)
-

dialagig

R _ Ia Transmissian aficiency
[PDE — |\Ioutput— pulses/ |\Iincident—photons — QE ) I:)01 ) ggeom] (

QE = Quantum Efficiency

* probability for a photon to generate a carrier in the high

field region

Po, = Triggering probability

* probability for a carrier traversing the high field to

generate an avalanche
€geom = GeOMetrical fill factor /

* fraction of dead area due to structures between the pixels
e.g. grid lines, trenches, R

X

y-point {2pm pitch)

quench

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013




PDE of different SiPMs

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

PDE(%)

PDE (%)

16 —8— Photonique 43pm; AV~1.4V; AVIV~9% | PDE Of Ph0t0n|q Ue, FBK, SenSL
1 a) ~¥ FBK-irst/l run 40um; AV~4V; AV ~12%
144 A" FBK-irst/Il run 40um: AV~3.5V: AV/V, ~12% n+
| SensL 20pm; AV~3.7V; AVIVp,~13% holes l
12+ SensL 35um; AV~3.7V; AV ~13%
10 i ~x- SensL 50um; AV~3.7V: AV g~13% electrons I
8 _
61 = PDE of HPK devices
4- b+
] electrons | n
2 _
| holes I
N
0- . . 1 L L
400 500 600 700 800
A (nm)
50 A. Vacheret & al, arXiv:1101.1996v1
1 b) —m HPK 25pm; AV~3.4 V; AV, ~5% S I L B B Eamﬂ“a';s: photocurrent
e T S S S orrecte Aamamatsu
] B HPK 50pm; AV~1.1V; AV, ~2% = - /—\  Ph et 2\
40 ] —4— HPK 100pm; AV~1.4V; AV, ~2% = L /‘ \ " Photocurrent at AV=1.5V
, 40
| - ] 4683 nm LED
1 - e 473 nm LED
1 The errors on PDE measurements - v 515 nm LED
30+ are estimated at ~10% e ‘Em‘un. o Y11 fiber
i o Pl X ]
| SR :
T r EFM Rﬂ.\“ —
20 7 20 - g e EJ,\;"‘“‘ -
2 ady
: B rJ"'ﬂl .ﬁ:‘i‘ \ =
| — #ﬁ s, “‘ -
104 i I B‘-'i‘-"-a. _
1 ' bada,
] 10 I Ay
OJ N. Dinu & al, NIM A 610 (2009) 423-426 Coi j Y11 emission L Ry 1
L Y E AL B N - E E T —
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SiPM jitter or timing resolution (1)

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

Two components :

sigimdt (prs)

fast component of gaussian shape with o O(100ps)
« variation of generated carrier transit time from depléti
multiplication region (longitudinal propagation: O(10ps))
« statistical fluctuations of the avalanche build-up time (e.g. photo
impact position — cell size; transversal propagation: O(100ps))
slow component: minor non gaussian tail with time scale of O(ns
 due to minority carriers, photo-generated in the neutral regions
beneath the depletion layer that reach the junction by diffusion
(wavelength dependent)

region to *

1000

1%1 mm?*
576 pixels (25 um)

MAaDWT./ID: |’.4u
MernL/Faisar

FWHM=140 p s

Count
/
/
"2

400

E———

200

N

o T T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1800 2000

Jo0 TDC channel (1 ch=5 ps)
. — &0 -
S50 . e % =800 nNnm :’E]- G. Collazol & al, NIM A} 581, (2007), 461-464
i * A =400 nm. . & 0 n=a00nm  *
¥, s + Overvoltage = 4V
g \
20 . 50 contribution from noise subtracted
p o b + — fitto chVN,
o i eye guide 40 ) . Poisson
LIS ! _—
. R + statistics:
100 ' fi \ ' 30 - + + 10« 1/\/Npe
e o 2o b a
50 i R P . .
. | e
/ ! 10 -
&E] i 2 3 4 5 5 7 ]
N '/ : Overvolta ‘_,,“_;; 0 2 4 6 8 10 2 14 i6
Typical & N,

working region

N of simultanecus photo-electrons
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SPTR — HPK devices

1600 cells (25x25um?)

400 cells (50x50wms=)

?jﬂﬂ T I nhlé | | |
a * & = B0O0 nm njection
3 450 * 5 =400 nm electran
= - eve ouide injection 4
22 400 ¥°a - =
-
350 1 o . -
. HPK-3 HPK-2
300
250 |- -.
200 |- . : ~
150 - I/ \1' A |
v '.‘-.'_'-__._
50 8 \ 3
il ] ] ] ] ] ]
0 1 2 3 1 3
Overvoltage (V) Overvoltage (V)

G.Collazuol et al (unpublished)

Suggested

Operating range

Detailed description of SPTR measurements and results:
G. Collazuol,Pixel Workshop, FermiLab, 2008

500

450

1400

-1 350

200

1250
-1200
1150

-1100

50

0

SiPM jitter or timing resolution (2)

3

SPTR — position dependence

148 2ps | 149 9ps

D 189.2ps
K.Yamamoto

El 176.7ps IEEE-NSS 2007

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

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
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w-. SiPM response non-linearity

FBK device, 1x1 mm?2, 625 cells; DCR = ~1-2x106 Hz

1E+08
1 N.Dinu, 2006, not published IRy

The SiPM output signal is
proportional to the number of
fired pixels as long as the
number of photons (N ,o:0n)
times the photon detection
efficiency PDE is smaller than
the number of the pixels N,

Y
o -

."I

o'

LE+07 -

1.E+06 3

A 4.0V overvoltage: y=0.1618x + 11199
3.5V overvoltage: y = 0.1424x + 10332

® 3.0V overvoltage: y = 0.1222x + 4809.3
2.5V overvoltage: y = 0.1004x + 6517.6

1 2.0V overvoltage: y = 0.0824x + 5054.3

1.E+04 T T T T
1.E+05 1.E+06 1.E+07 1.E+08 1.E+09

incident photons /s/mm”2

1.E+05 3

Number of recorded pulses (includes DCR)

_NopnoonPDE Main sources of non-linearity:
otal | 1—€ Vol « finite number of pixels - main contribution
when Nphotons ~ O(Nceis)
« finite recovery time
« afterpulses, cross-talk
* drop of AV during the light pulse due to

relevant signal current on external series
Symplified model: Stoykov, & al,, JINST June, 2007 resistance

Detailed model to estimate non-linearity corrections: T. van Dam & al,, IEEE TNS 57 (2010) 2254

N =N

firedcells —
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SiPM characteristics
as a function of temperature

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

28



Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

e LAL set-up

Cryostat

External Amplifier
0,01-500 MHz / 50 Q

3 - LabView
acquisitions
Internal view l
cryostat
SiPM Liquid nitrogen
tank
Pt100 for T
monitoring

Thanks to all team: J.F. Vagnucci, C. Bazin, C. Cheikali, C. Sylvia, V. Puill, V. Chaumat,

29



'm Fermilab set-up

f

Vertical column
automatic filling with N, ™ N

System of
N, flow control

Cold finger

Test vacuum cube
SiPM locations

Tubes connected to
a vacuum pump

Box: read-out electronics

T cryogenic control system Cryo.con + automatic flow control
Keithley 2400 for SiPM bias

CAEN digitizer — calibration (Vbd vs T)

Agilent Oscilloscope — waveforms acquisition @ dV=const

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

Thanks to FermiLab team:

Adam Para, Paul Rubinov, Kelly Hardin, Cary Kendziora, Carlos Ourivio Escobar 30



Zoom inside of cube
T 3

SiPM
in front of light

SiPM in dark

heater

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

Pt100

Optical fiber
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Temperature dependence of SiPM
parameters

~  Few slides to be added

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013
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Arrays of SiPM
& multi-channels read-out electronics

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013
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Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

. Calorimetry
. Cherenkov
. Medical

= SiPM applications

. Number of applications still growing....

Strengths

« Flexible design

« High gain

 Compact

« Fast

« High PDE — still growing

« Insensitivity to magnetic fields
« Low cost

Weaknesses

High dark rate @ room temp.

« afterpulses & cross-talk
Still “small” area

Temperature dependence of
some parameters

Radiation damage

34




SiPM arrays & multichannels read-out electronics

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

‘ SiPM monolithic array of 4x4 channels from FBK-irst glued and wire bonded to a PCB @ Pisa

Gain (x 1E6)
o000 2=
ochhromabbro

L.
-

Each channel: 1x1 mm? _ : — o 1 ,
625 cells, 40x40 um?/cell SiPM matrix (16 channels) 4% uniformity

- connected to MAROC2 chip (Omega Pole)  y piny & a1 Niv 4 610 (2009) 101-104

SiPM monolithic array of 4x4 channels from Hamamatsu

Each channel: 3x3 mm?2 3600 cells, 50x50 pm?/cell lgark @ AV=0.7V ~ 71+£8nA
B [¥] 111
— MO wn 4 | Entres 16
= f b= = Mean 0.709TE—D7T
s 3 35 RMS 0.7742E—CB
ot i (] -
20k ll T
E 0 [
I |i| 25 |
1
10k ll' B
'lll 15
e i;uuuuunonl"l q __
L \ B
q VBD ~ 71.4\/ ng |—
O505 70 7065 71 715 72 725 73 735 74 -
Bias voltage, ¥ a 11 ||||||| 1 1 11 | 11 |||||||
17" 1q " 167 1g°°

Details on read-out electronics: see slides 40-42, SIPMED application dark @ Viygs= 72.3V 5



Requirements

Compact & cheap
Fast —» TOF-PET

Insensitivity to magnetic field —»
PET/MRI

SiPM @ medical applications

Applications
* Innovative detector systems
» Intra-operative probes, SPECT systems

« PET: Time-of-flight PET, PET/MRI
More details on PET applications: see G.Llosd, PhotoDet2012

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

SiPM @ intra-operative probes - SIPMED

Aim of the project

 Developement of a very compact intra-operative gamma probe based on
arrays of SiPM coupled to scintillator and multi-channels read-out electronics

Teams

 IMNC& LAL

* Omega Pole

* L'Hoépital Lariboisiere




lecture (4 voies)

Signanx positions

Figure IL1 : Représentation schématique de 1'imageur POCI

QLINGE/INZFS,

From POCI to SIPMED (1)

collimateur

scintillateur

MA-PMT

Electronique multivoies

usB

Spatial Efficiency Energy Active surface  Dimension Weight
resolution resolution
POCI 3.2mm 290 32% 12.5 cm? h=90 mm 1.2 kg
(contact) cps/MBq $95 mm
TReCAM 1.8 mm 300 11.3% 25 cm? h=117 mm 2 kg
(contact) cps/MBq 140 x 83 mm?

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013
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From POCI to SIPMED (2)

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

1

collimator

LaBr;(Ce) scintillator

4x4 SiPM arrays (field of view: ~ 25 cm?)
1 array: 4x4 SiPM’s (13.6 x 13.7 mm?)
1 readout channel = 1SiPM of 3x3 mm?

256 channels
miniaturized readout electronics

e SIPMED camera characteristics
* Field of view 25 cm?
* Geometrical dimensions: 60x60x50 mm?
Weight <1kg

e 256 read-out channels
38



Characteristics of SiPM arrays

e

€102°90'FC ‘CDINST anb1u043aa)a0401u 3037, NuLD VIFJOILN;
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Elementary module SIPMED

Nicoleta Din

u, Ecole microelectronique IN2P3, 24.06.2013 |

asict [
2 Lp{ ADCL )
) 2 »{ ADC2 —ml_’
—p| AsIC2 [ all ’
Z &
3,
:’Zapteur de ‘ /

Carte3: FPGA
+régulateurs
Carte 1: Détecteurs Carte 2 : Asics + oscillateur

FPGA

\/

----------- B < Carte?2 : puces EASIROC
,,,,,,,,,,,,,, (Pole Omega)

L Carte 3: FPGA

4 4
k

First electrical tests — very satisfactory
Project under progress.....
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SiPM @ calorimetry

Requirements Applications

 Insensitivity to magnetic fields || = Future applications (ILC, PANDA at Fair)

* Radiation hardness « High granularity
 Mass production with uniform *  Compactness, low weight (PEBS)
properties and low cost « Upgrade of future experiments

* Replacing current photo-detectors (CMS)
* Increasing granularity

SIPM @ ILC HCAL

SiPM tests with MePHI/PULSAR SiPM , HAMAMATSU MPPC

T

1o
||||||

H SiPM
1 2
e

S

Readout of SiPMs by the

%ROTOTYPE SPIROC ASIC (Omega Pole)

3 x 3 cm2 plastic scintillator tile
with embedded WLS fiber + SiPM 41

216 tiles/layer (38 layers in total) ~8000 channels



Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

1
- CMS Outer Hadron Calorimeter (HO) upgrade

%@ﬁ

}' « Replace HO HPD (susceptible to discharge at

i iIntermediate B fields) with SiliconPhotoMultipliers (SiPM)
* SiPM PDE >2x HPDs and gain a factor of 50 to 500 larger;

» Compact and Vbias ~100V compared to ~10KV for HPDs;

» Not affected by magnetic fields

ST
VNIVERSITAT

brwENCIh e Seintillator/wavelengthshifting fiber.

SmmKSmm'
SiPMs

Board with 18 MPPCs and Peltier on
the back. Temp stabilization system.

» Components (2200 SIPMs, 160 SIPM
Mounting Boards, 160 Control Boards)
built and tested. Electronics will be
complete by the end of 2012.

* The full HO SIPM system will be
installed during the LHC LS1 shutdown in
2013. A. SharmalJim Freeman. FDFP 2012

(Gabriela Llosa

Photodet 2012, Orsay, 13-15 June 2012 T — 9



Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

SiPM @ Tokai-to-Kamioka

Neutrino oscillations studies P

S ‘ ) Materials and Life Science
/| Exparimantal Foclity

Hadron Beam Facility

= it .
Wiok:;ndé 205km ‘W/
: L m ~ - okai)
uper—Kami ok ooy . it Rerasdll
Stper—Kamiokande Y . @ Kawas
(ICRR, Univ. of Tokyo) etet=l o"ma l\,’okﬁ\ﬂh‘
ke S J‘ A £
Far detector : Super Kamiokande _,,‘3 v beam : J-PARC facility
0 ESn - 4280 mi /BIE & ke

ND280 : off axis neutrino beam flux and Two Fine Grain Detectors (FGDs):

SuperK backgrounds measurements wavelength shifting
fiber(Kuraray Y11)
FGDs —seintillater{TiOcoating) = 2 MPPC
ECAL TPCs I = — |
Magnet ‘L |/' .
yoke \ vz
L
Magnet \ 184cm 0.96cm
coils fiber end mirrored with aluminum
rion —chanls — gudchamss_rction
> ECAL (DSECAL) 22336 (3400) 35 (11) 0.16% (0.32%)
v beam SMRD 4016 7 0.17%
\ _ ) POD 10400 7 0.07%
Pizero ~ Lracker Sl j FGD 8448 20 0.24 %
Detector
INGRID 10796 0.17 %

Jotal number of SiPM’%s used @ T2K —_—__3



Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

SiPM @ Cherenkov detectors

Requirements

Single photon detection
High PDE

Large area

Low dark count rate
Fast reponse

Advantages with respect to PMT

« Data analysis
» Single photon resolution
«  High PDE
* no known ageing
* For the construction
*  No need high voltage (~70 V vs kV)
*  More robust to light exposure

FACT — First G-APD Cherenkov Telescope

= First operation on the night of October 11, 2011 (full moon)
= Usually no operation of IACTs in full moon nights

1440 SiPM + light collecting cones
44



Conclusions

€102°90'bC ‘STNST anbruoi3o3ja04011 3)093, MUIQD DIFJOIN;
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Additional slides
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10 1 P,, dependence on position

0.9

Avalanche triggering probabilit
‘, ggering p Y

= 06 1+

Probabilit

0.4
0.3
0.2

0.1
0.0

- 1.E+06 C.Piemonte
NIM A 568
(2006) 224
- 8.E+05
- 6.E+05 =
o
=
=
- 4 FE+05 @
L
L 2 E4+05
0.E+00

0 0.2 0.4 0.6 0.8
depth (um)
Example with constant high-field:
(a) only holes may trigger the avalanche
(b) both electrons and holes may trigger
(but in afraction of the high-field region)
(c) only electrons may trigger

* high over-voltage Pﬂl optimization _
* photo-generation in the p-side of the junction

GM. Collazuol, IPRDO08

Nicoleta Dinu, Ecole microelectronique IN2P3, 24.06.2013

.1
lonization rate in Silicon
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S Only e- cross the high E
R field region and trigger
o)

E?i the avalanche

S Both h+* and e- might trigger the avalanche
@ (but cross only a fraction of high field region)
3

% Only h* cross the high E field

.§ trigger the avalanche
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Radiation damage
I~ :

« Bulk damage due to Non lonizing Energy Loss (NIEL) « neutrons, protons

» Surface damage due to lonizing Energy Loss (IEL) <« yrays
(accumulation of charge in the oxide (SiO2) and the Si/SiO2 interface)

Radiation damage effects on SiPM

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

Increase (AR, ) of the dark rate: NOTE:

ARy~ Py, 0 ©_ Vol g /q, The effect is the same as in normal junctions:
where a ~ 3 x 10°Y” Afcm is a typical value = independent of the substrate type

of the radiation damage parameter for = dependent on particle type and energy (NIEL)
low E hadrons and Vol ; ~ Area., x e, xW_, = proportional to fluence

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

49



—J|= Radiation damage: neutrons (0.1-1 MeV)

8.3x10% n/mm? 3.3x10° n/mm? 1.0x108% n/mm?
=10 I R =10 , =10 ¢ S— ~
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1 |
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.
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4
A
-
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I-\V drastically change. No signal
Signal pulse is still there,

but continuous pulse height.

(No photon-counting capability)

.

T oo e ™ Nakamura at NDIPOS )
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Typical Overvaltuge (V)

working region

G.Collazuol et al NIMA 581 (2007) 461
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:= IRST — single photon timing resolution (SPTR)

Better resolution for
short wavelengths:
carriers generated
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W

HPK — single photon timing resolution

G.Collazuol et al (unpublished)

1600 cells (25x25um?)

400 cells (50x50um?)

= 2op T IOl 1300
* & =800 nminjection
* 3 =400 nm electron 450 W H PK
 eve quide Miection : . %
e e 1400 3.2
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X A
[ \.I (8 ‘Ll 150
i L | 3 ]
\ . L
s NEP/R
8 \ =8 50
| ] ] ] ] D
0 1 2 3 1 3
Overvoltage (V) Overvoltage (V)

Suggested
Operating range
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