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Goal of the Photodetection: convert Photons into a detectable electrical signal

ultraviolet ' - infrarec
photon light . : light

I I I
400 200 600 700

)
Anm)
- 1. Photoconversion: photoelectric effect
Photodetector
~—
electrical
signal
\

Readout chain

2. Photo-electron collection

3. Signal multiplication

U e [\ e e




Phase 1 : the Photoconversion in Si

. 4 Step 1: Absorption of the photon (y) in the material and generation
1 of electrons
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Most of the photon absorption (63%) occurs over a distance 1/a (it is called penetration depth )

If E, > E,, electrons are lifted to conduction band - for Si-photodetector this leads to a photocurrent:
internal photoelectric effect




Phase 2: the Photoelectron collection

Once created, the electron/hole pair can be lost (absorption, recombination)
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band-to-band  trap-assisted Auger

recombination recombination recombination

Need of a good collection efficiency (C;): probability to transfer the primary p.e or e/h to the readout

channel or the amplification region

Phase 3: the signal multiplication

The primary electron/hole pair is amplified (photodetector with internal gain)

Some photodetectors incorporate internal gain mechanisms so that the photoelectron current can be
physically amplified within the detector and thus make the signal more easily detectable.




The main Si detector characteristics

& Sensitivity
& Noise

® Gain

@ Linearity

@ Time response
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Probability that the incident photon (Ny) generates a photoelectron (Npe) that contributes to the

detector current
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Sensitivity x Gain x Npe

Radiant sensitivity
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Photo detection efficiency (SiPM)

PDE [%] = Egeom [%] < Q&[%] X Ptrig [%]

Egeom: geometrical factor
Ptrig: triggering probability
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In high electric field (~ 10° V - cm™) the carriers are accelerated and can rich an energy higher than the

ionization energy of valent electrons = impact ionisation process = multiplication

Gain (G): charge of the pulse when one photon is detected divided bythe electron charge

G = Qsignal °
de i
The photodetector output current fluctuates.
The noise in this signal arises from 2 sources: | &
o’
. . e o o
= randomness in the photon arrivals =
= randomness in the carrier multiplication process

The statistical fluctuation of the avalanche multiplication which widen the response of a

photodetector to a given photon signal beyond what would be expected from simple
photoelectron statistics (Poisson) is characterized by the excess noise factor ENF
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ENF =1+ 2
GZ
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ENF % impacts the photon counting capability for low light measurements

» deteriorates the stochastic term in the energy resolution of a calorimeter
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Principal noises associated with photodetectors :

Physical detection stage _ _
signal processing stage

- ( Display or
o photodet storage
amplification
shaping
Shot noise: Dark current noise:
statistical nature of the production the current that continues to flow through the bias circuit in
and collection of photo-generated the absence of the light :
electrons upon optical illumination
(the statistics follow a Poisson +** bulk dark current due to thermally generated charges
process) +»» surface dark current due to surface defects

The dark noise depends a lot on the threshold = not a big issue when we want to detect hundreds or
thousands of photons but crucial in the case of very weak incident flux ....
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Ideally, the photocurrent response of the photodetector is linear with incident radiation over a wide

range. Any variation in responsivity with incident radiation represents a variation in the linearity of
the detector

saturated (non linear)
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Saturation: issue for the measurement of large number of photons (calorimeter)

o




LNL
% photons

photodet

A\ VAV AN\ /]

0 00002 0.0004 0.0006 0.0008
time [seconds]

Electrical signal

0.001

RISETIME FALL TIME

|

| 10 ANODE

E OUTPUT
owy [O_Holdot! TRANSIT TIME At 0% ‘ SIGNAL

uft

npty Enp
JI508z 265 400 ¢ 15 RIC:2000/06/08 12:33:26

Timing parameters of the signal:

= Rise time, fall time (or decay time)

= Duration

» Transit time (At): time between the arrival of the photon and the electrical
signal

» Transit time spread (TTS): transit time variation between different events
- timing resolution



From the PIN photodiode to SiPM



http://www.modeles-powerpoint.fr/

Schematic structure of an idealized PIN PD

S.0 Kasap, Optoelectronics, 1999
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p-i-n junction structure based on the internal photoelectric
effect: intrinsic region sandwiched between heavily doped p+
and n+ layers

Absorption of photon in the depletion layer (1 — 3 um) =2
‘ generation of e- and holes

\ ,,,,,,,,,,,,,,,,, | The internal electric field sweeps the e- to the n+ side and the
| hole to the p+ side = a drift current that flows in the reverse
direction from the n+ side (cathode) to the p+ side (anode)

This transport process induces an electric current in the external
circuit.

I=T1,(exp(eV/kgT) — 1)

IO
/ +
Dark current

Y

lo : thermal-generated free carriers which flow through the junction

v
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PIN photodiodes first large scale application of Si sensors for low light level detection.
They were developed to find a replacement for PMTs in high HEP experiments (high magnetic fields)
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IONIZATION RATE (cm')

i(p7)
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lonization coefficients o for electrons and 3 for holes
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lonization coffient for avalanche Multiplication

avalanche process created only by the e-

1. large reverse bias across the junction (50 - 200 V)

2. high electric field (= 10°V/ cm) in the depletion-layer

3. the generated e- and holes may acquire sufficient energy
to liberate more e- and holes within this layer by a process
of impact ionization

photon
n-region a Z
€
@
a1}
w
p-region >

Time

The avalanche process is one directional and self
guenched when carriers reach the border of depleted

area.
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D. Renker, 2009 JINST 4 P04004

Bias voltage : 50 - 200 V

» high QE (80% @ 700nm)
» Gain =50-100

AG =3.1%/V and -2.4 %/°C (gain= 50)

» high variation with temp. and bias voltage :
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APDs (=~ 120000) in the ECAL of CMS

CMS ECAL @LHC

working gain ~ 50
Vbias ~70V



Geiger mode -APD 608 |
Vbias> VBD : Gei de APD
c GO ] eiger mode
5E-09 4
e single photon level —_ ]
<
& 5E-107
5 ]
© ] Veo APD mode _
% 5E-11 4 photodiode mode
'-§ ]
| Vgp: breakdown voltage
5E-12 + B0 g
R.H. Haitz.,, J. Appl. Phys. 35 (1964) -73 -65 -55 -45 -35 -25 -15 -5
Reverse bias voltage(V)
APD Photodiode

0 < Vi, < Vypp (few volts)
G=1
Operate at high light level

*  Varo< Vpias< Vip <:|
EI e G=M(50-100)

e Linear-mode operation

(few hundreds of photons)




Schematic structure of a G-M APD =
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Valeri Saveliev, ISBN 978-953-7619-76-3
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lonization coffient for avalanche Multiplication

both type of carriers participate in the avalanche process = creation of a
self-sustaining avalanche = current rises exponentially with time and reach
the breakdown condition. No internal “turn-off” = the avalanche process
must be quenched by the voltage drop across a serial resistor : quenching
resistor

output signal

1-10- 1000 photons

/Rme amplitude
output charge is not proportional
to the number of of incident
photons

Time (a.u.) 18

Current (a.u.)
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Valeri Saveliev, ISBN 978-953-7619-76-3

Anode 100 - 1600 cells

GM-APD
\

v'GM-APDs (cell) connected in parallel (few hundreds/mm?)
v’ Each cell is reverse biased above breakdown
v'Self quenching of the Geiger breakdown by individual serial

resistors

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

.

output charge is proportional to the number of
of incident photons

overlap display of pulse waveforms
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G. Bisogni, RESMDD10

Current

Vgp : breakdown voltage
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Quenching

Discharge
[Avalanche]

Ubr é_ﬁ\‘\v

© e 4
(Re-) Charge Ubias

Rq : quenching resistance
Vaus Rs:Sisubtrate serie resistance
T C, : diode capacitance
Va5 : bias voltage
Vbias > Vbd

quiescient mode, switch opened
If no photon or no dark event, the current
stay stable

A - B : avalanche triggered, switch closed
C,, discharges to Vg, with the time constant
r = Rs xCp —2 asymptotic grows of the
current

B-> C: avalanche quenched, switch open

C-> A :reset of the system
C, recharges with the time constant 1'=RaxCo

.

WEpoR,
NDIP

Time sequence

depletion region -

O<t<t1: avalanche spreading

tl1<t: self-sustaining current limited
by series R

G.Collazuol, LIGHT11




Characteristics of SiPM
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Photodetectors parameters

Photon Detection Efficiency @

Dark noise rate

Correlated noise @

Timing capability @

Signal shape

Gain

Radiation hardness

Geometry

Temperature dependence @

Packaging

System requirements

@ Large dynamic range (Calo, Astro, ..)

€ Timing Resolution (TOF PID, PET, ...)

@ Energy resolution (Calo, PET, ..)

@ Large or complicated systems
(HEP, Astro, medical appli, ...)




Photodetectors parameters System requirements

Photon Detection Efficiency A Large dynamic range (Calo, Astro, ..)

Dark noise rat.e \
Correlated noise "«,‘
S S

Timing capability ©- , / Timing Resolution (TOF PID, PET, ...)
ignal shape "4\‘
Gain \.\\

Radiation hardness \,\

Geometry
-
Temperature dependence \

Energy resolution (Calo, PET, ..)

Packaging ® Large or complicated systems
(HEP, Astro, medical appli, ...)




Dimensions: 1 mm? to 16 mm? v g Q
Cell size: 15 pm, 25, ..., 100 um
Matrixes: 4 to 256 channels

Packaging: metal (TO8), ceramic, plastic, with pins, surface mount type, matrix

<& @

R .\




Amplification
Technologies
(DAPD)

STMicroelectronics
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Fast rise time:

Tr=RsCp

hundreds of ps

s
=
Q
b=
=
=

-0.0

0.01

0

-0.02

-0.03

-0.04

-0.05

Recovery time: tens to hundreds of ns
Time to recharge a cell after a breakdown : t =R,C,

/3

L Avalanche

— Process

C Typical: T1=80ns

__ with Fig = 100 kQ

- Cpw = 500 fF

I_ 1 1 1 ‘ 1 Il 1 1 ‘ 1 Il 1 1 ‘ 1 1 1 Il | 1 1 1 Il | 1 1 1 Il | 1 1 1
-100 0 50 100 150

Solution: Metal Quenching Resistor (MQR)
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T. Nagano, IEEE NSS 2013
sheet resistance (kohm/sq.)
[s)]
o

- TR R

@ : poly-Si resistor
B : metal resistor

\

/

100

200
Temperature (K

300

Time [nsl

Polysilicon are temperature dependent 2>
strong dependence of the recovery time with the
temperature

MPPC S10362-33-050C-329
1.0

b) < 'ampl@ -100°C; Ty siow~60nS; 5t~300ns

- 'ampl@ -90°C’;  1gy siow~55NS; 51~275ns
'ampl@ -80°C"; 1 siow~51nS; 51~255ns
‘ampl@ -70°C'; Ty siow~50NS; 51~250ns
‘ampl@ -60°C"; Ty i0n~47nS; 51~235ns
- 'ampl@ -50°C";  Tga) sion~45NS; 51~225ns
- 'ampl@ 0°C; Tral slow~33NS; 51~165ns
- 'ampl@ 10°C'; Ty siow™33NS; 51~165ns
‘ampl@ 20°C";  Tgy giow™~33N8S; 51~165ns
‘ampl@ 30°C'; Ty siow~33NS; 51~165ns

42 T=100°C

08 -\

06 '

Normalized amplitude

04 :

Dinu, IEEE NSS 2010

100

150 200

250 300x10°
Time (s)

MQR with high transmittance = directly on the
photosensitive surface = higher fill factor




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

chll _ Cce" X (\/bias _VBD)

Events

Gailn =
e
Vgp: bias at which occurs the breakdown
AV= Vbias - VBD
Gain of 1 mm? SiPM (25°C)
6 # Photonique 43um/C . >30fF
4.5x10 peel
' ] v FBKI/I run 40um/C _,, ~65fF
1 ? X A FBK/Il run 40um/C,_, ~60fF
40 i ueel
] # SensL 20pm/C,__, ~80fF
] ucell
3.5 SensL 35um/C,,, ~150fF -
] X SensL 50pm/C,._, ~300fF
] weell
3.04 W HPK 25ym/C,,, ~25(F
c o5 ] /‘ }/ > HPK 50um/C,_,, ~125fF
‘T - ¢ HPK 100pm/C,,, ~500fF
O 9201
1.5
1.0

054

N. Dinu et al, NDIPO8

ay

10%

10

T

80

I 1 1 1
Ao 60
Charge (pC)

10° < Gain < 10°

= linear increase of the gain with Vbias

= slope of the linear fit of G as a function of Vbias

—> cell capacitance (tens to hundreds of fF)

® increase of the gain with the cell dimensions
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Temperature coefficients as a function of Vbias Gain independent of the temperature at fixed AV
$10362-11-050C HPK MPPC <106 Gain vs Over Voltage
16 | | < 0.9F
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3 H. Tajima, 2013 CTA SiPM meeting
- x10 S$10362-11-100C No180
£ 60008
g r S$10362-11-050C No163
5000 )
- (constant bias voltage)
40001 .
= - : For a stable operation:
3 g 135 - 103 /k P
T 3000F \
=) C
S 2000 v’ the temperature needs to be controlled with a
S F . .
8 1000 precision of a degree
< E

090550 5 10 15 20 25 30 v the over voltage as to be kept constant
Temperature [°C]

'
-
o
1
(4]
o
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The dependence of the gain with the temperature
is larger with a bigger cell )8
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2000
Single photons are
well separated in a 0
wide range
200 400 500 800 1000
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0 pe

Signal distribution of the detecting the low photon flux
by SiPM at room temperature

1 pe

2 pe
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4 pe

100 200 300 400
channel

The resolution of SiPM allows very precise analysis of the detecting photon flux up to single photon
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ABSORPTION COEFFICIENT @ (cm-1)

108 p 1 102 — . o
[ _ PDE Qs Ptrlg 8geom
10° 1 R | — u 10-1 E‘;
1 = Qe: carrier Photo-generation
104 5 .
| 5 probability for a photon to generate a carrier that reaches the high
e h 2 field region in a cell
102 102 é
| e \ = fraction of the photon flux
10}, e 107 absorbed in the depleted layer
WAVELENGTH (um) Qe =(1—-R) E[1— e—ad ] — (sensitive region). The device
/ 7\ should have a sufficiently large

_ . value d to maximize this factor.
effect of reflection at the surface of the device.

reflection can be reduced by the use of antireflection coatings

fraction of e-/h pairs that successfully avoid
recombination at the material surface and contribute
to the useful photocurrent

R : reflection Frenell coefficient = 0,3 for Si

B e/ .\ e s e




PDE=Q_-P

trlg

geom

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

Depends on the position when the primary e/h pair is generated

e- directly collected at the n+ electrode = only the holes contribute to the trig proba

Hole directly collected at the p+ electrode = only the e- contribute to the trig proba

P,, dependence on position

Field {W/ocm)

~N '
N 10 i 1E+06
) + | P
Aul 09+ -\--q4-----—-—--——-
o 08+ — = e _PL___ - B.E*05
W 0.7 -SRI EE 017~ — - -
fi
2 oel MAX— 'h'gh teld region e - 6.E+05
~ = P 1
E Bos h =T _ _ L eyl ___
[o] o -
S foaf - T B - 4 E+05
g- 0.3 o e e — —
B e e R - 2E+05
h 014+ - —— — — — gty L A e~ L
—> 00 0.E+00
< 0 0.2 D.4. ) _CI'.E 08 1 /
i / s
both carriers contribute to the trig proba

IONIZATION RATE {om)

lonization coefficients a for electrons and B for holes

10°

105

"
Electron (o) //
/
™ . Holas (2 )
"~ &
2 3 <1 s a 7 a8 910

ELECTRIC FIELD ( = 10" VW/cm)

lonization coffient for avalanche Multiplication

lonization coefficient of e- > coeff of holes = the triggering probability is max when the charge
carriers generation happens in the p side of the junction = the e- pass through the high field region

4
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PDE=Q,-P

trig’ geom
€.com: geometrical Fill Factor

fraction of the sensitive to insensitive area. Only part of the area occupied by the cell is
active and the rest is used for the quenching resistor and other connections

R .\
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p-on-n SiPM with shallow junction exhibits higer PDE value in the blue region (e- trigger avalanches at

short A)
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After-pulses and X-talk taken into account
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PDE vs. Wavelength
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n-on-p SiPM with larger depletion depth have higher sensitivity in the red

n+ pho on photon Muttiplication
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Almost no detection of the UV light = limitation of the suitability of SiPMs for Noble-gas detectors

PDE for VUV is = 0 for commercial devices because of —
the low transmission for VUV of the sensitive layer due to:

pfz ¢ protection coating (epoxy resin/silicon rubber)

o * insensitive layer (p+ contact layer with ~zero field)
¢ absorption length in Si for VUV photon: ~5nm
¢ high reflectivity for VUV on Si surface

Possible solutions:

¢ Remove protection coating
¢ Thinner p+ contact layer

¢ Optimize reflection/refractive
index on sensor surface

HAMAMATSU
20%
Ll
UV-enhanced MPPC under development (collaboration =
between Hamamatsu, ICEPP and KEK) : removal of the 15%
protection coating and optimization of the MPPC
parameters ™= cyrrently sensor size: 12x12mm? 10%
(cell size =50 um)
5%

|
== VUV improved MPPC |
[
|

“*PDE (175 nm) =17 % (best sample] | i ! :"%

2 Gain ~ 10° @ 165 K ¢ i,i[I ziiii:\ 0%
%DCR =0 @ 165 K e

%
¢ decay time ~ 30 -60 ns e NB83IB8REE IR A

wave length (nm)

35
N _—

’ )
NDIP

+ 33 mm2 (2012-5)

m12x12 mm2 (2012-12) m A
T A12x12 mm2 (2013-2)

¢+
B *
A 4
A =175 nm
0 0.5 1 1.5
Over Voltage

D. Kaneko at al, IEEE NSS 2013 Proceedings



FBK NUV-SiPM (Near-UV SiPM)

Designs available: 1x1, 2x2, 3x3, 4x4mm? .| 1

Results (FBK measurements):

¢ PDE (350 nm) = 20 %

% DCR =4 MHz @ 20°C (AV = 5V)

?D ll.ll|llll|ll:llll-ll|llll|-lll|lllll.lllllllll
] E. Popova, NDIP 2011

T

i

1 v Musierko (same type SiPM sample with U=37.5V)

D L S R R L Bl S WL
350 400 450 500 550 600 650 700 750 800
Wavelength A, nm

Dark rate, MHz

o
—
"

1x1mm?

35% — T T T T T T T T T T

30% |-

20% |

PDE

15% |- |4
10% |

5%

" Fill Factor= 42%

—e NUV@ 150V |
—a NUV @ 2.50V
=—s NUV@ 450V
o—o RGB@ 450V |

0%
350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

A. Ferri, NIMA 718 (2013)

i | Excelitas

frinm type 1008
B T=+0'C (U350
o T Y
A T=0% U030
¥ T8 (Ue3)
T=+10%C (U=3)
4 T=5% (U0
»oT=0%C (U 2)

Y

Bias voltage U, V

E. Popova, NDIP2011

B

50x50 um? cell

Dark count rate (Hz)

S5E+6

4E+6 -

N w
m m
+ o+
o o

=
m
+

[ea]

OE+0

Dark count rate

1 2 3 4 5 6

-
!

Collaboration between Excelitas, MEPHI and
MPI : 1x1 mm? (cell size = 100 um)

¢ PDE (350 nm) = 50%

% DCR = 800 kHz @ 20 °C (AV = 4V)



http://www.sciencedirect.com/science/article/pii/S0168900212011539

Voltage (V)

After-pulses

carriers trapped during the
avalanche can produce
delayed secondary pulses

Dark counts

Cross-talk : amplitude =2 p.e pulses triggered by non-photo-
generated carriers (thermal / tunneling

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

avalanche in one cell 2 proba that a photon triggers
another avalanche in a neighboring cell without delay




D

NF7o%,

NDIP
Average frequency of the thermally generated avalanches breakdown process that result in a current
pulse indistinguishable from a pulse produced by the detection of a photon.

Few 100kHz/mm? < DCR < 1 MHz/mm? till 2013
DCR of most recent devices ~ few 10 kHz/mm?

E— — T —T —Tr—T—T
B === Old MPPC

| -8 OldMPPC 5MD

— == New MPPC (50pm)

| == New MPPC (251m)
—4— New MPPC (Trench)
== EETEK Prototpe-A
| —%— Advan%iD NUV
== Sen:L B-zeries

[
[

—-
=
|
ﬂ

Dark count rate (h’lcpaﬁmm‘}
[
L

|
g

=
=

=
e

=
-

ﬂ 1 1
0

Y.Uchiyama et al, IEEE NSS 2013

10
Over voltage (V)




Variation with the bias voltage and the temperature

1.4M -

som{ FBK-IRST . Hamamatsu .
292 cells (70 um) . 124 [« 2 $10362-11-050U
" 0G4 54 mm? . * s 15C .
40Mq | e 15C . . o 1om] | & 100
4 e e k) v 5C .
T2t " . v ©  _sookd | « oc
§3DM a gg - ., L v . o § : < s . . N
o - noe . : : ‘ gam.m(_ . v
O 20M R T . i *
m 2T e 400.0k . . a v «
. . : M 4 A v *
10K 3 ¢ : : : v * 4
I L v 2000k . : s
$ |
0 T T T T T T 1 00 T T T T T T T T T T —
1 2 3 4 5 6 10 1.2 14 16 18 20 22 2:
av (v) dV (V)

O. Starodubtsev, PoS 2012

—. 10%

OCR (Hz

- . 9mm
MPPFC 510362 -33-050C-3249

E D:l T=30C

——

T 12200
e - L T=10C
e Ak 1UlE
Y
.l'*-*

T=-=50C
THJ_W—"’)'_,; T=—50C
d_/’,_.d-ﬂ-"'ﬂ & T=—70C

= -

i
T e T=—E0C
] .

1 1 1 1 n 1 1 1 1 n
0.s 1 1 2 2% 3 358 4
Owvervaltoge (W)

Increase of the DCR with the increase of the bias voltage and the temperature

Best way to decrease the Dark Count rate:

v’ operate the SiPM at lower voltage

v’ cooling (factor = 2 reduction of the dark counts every 8°C)

N. Dinu, IEEE NSS 2010




NDIP

Breakdown = production of a large number of charge carriers 2 some of
them are trapped in deep trap levels

These carriers may be released at some time and trigger a new breakdown
avalanche event : afterpulse (described in term of probability)

—t
e /T Peapture: trap capture proba

VB Pafterpulse (t) — Ptrig < Pcapture - P.ig: @avalanche triggering proba
T . .
- T: trap lifetime
50 :_ O.OSL; )
- . e | ® S10362-11-025C T R
& 40 . e S10362-11-050C < o1
g - . A §10362-11-100C goss
B | A > 02
o 30 — 025
2 : . ocAV?
% - F 1 035 : . .
= 20 - b -1.0E-08 1.0E-08 3.0E-08 5.0E-08 7.0E-08
id: — i - Time (s)
: - - \I\I . .
ol . “ . . " umber of carriers produced in the
C. L . avalanche oc AV
':I T 1 I.I 1 1 1 | 1 1 1 1 1 1 .I 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1
0.5 I 1.5 2 2.5 3 15 Triggering proba oc AV
Ugyer [V] P. Eckert, NIM AA 620 (2010)

’ v




Impurities (Iron, Gold) and defects (point, dislocation) create deep levels in the band gap

4

Minimization of the amount
of impurities in the avalanche
region employing pure Si
wafers and new process

before

Con\ffentional MPPC
Ovetvoltage = 1.5 V

conditions.
0 850 100 150 200 250 300 {ns) 0
40 ¢
i | | |
_ ¢ :Conventional MPPC
X 30 A New MPPC
- >20%
(O]
N
S 20
e
o /
=
< 10
/ <3% i//A/
0 T T T T I_AII T T It T T T T T T T T T T T T T T T T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5 4
K. Sato, VCI 2013 Overvoltage (V)
v

TAWETIRe TR Y

after

New MPPC
Overvoltage = 1.5 V

80

100 150 200 250 300

(ns)
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NDIP
hv

these photons (~ 30 for a gain
probability than 1 carrier of 10°) can trigger another
emits ~ 3.10° photons U | &Y o avalanche in a neighboring cell

with E > 1.12 eV ' without delay
A. Lacaita, et al., IEEE Trans. Electron Devices ED-40 (1993) 577

avalanche in one cell

50
Cross-talk is responsible for the high rate at = + 4 S10362-11-100C
45 = ®  510362-11-050C ‘[‘
thresholds >1.5 p.e. 0 E A SPMMICRO1020X13 —_
- m §10362-11-025C i g
Dark Count vs. Threshold = P E 3 . S
- s 30 E Q
1E+7 Sias £ E ; : <
50 -71.8 « “F . <
722 3 20 F $ S
- 72.8 5 s ;_ » ) “ E
— 1E+6 0 » g 3 . <
S JEF e L X
Oc ) g"‘.:yjlih ] ) | | | ] ] B
O 0 111 L1 1 1 11 1 1 111 1 L1 1 | 111 1 L1 1 1 11 1
O 1E+5 0.5 I 1.5 2 25 3 35
Gain [107]
1E+4 *Increases with the dimension of the cell (higher gain which

O 100 200 300 400 depends on the junction capacitance)
Threshold [mV]

S. Gundacker, PhotoDet 2012 carriers)

*increase with the bias voltage (number of produced charge




S
il
external cross-talk ,-” RS
I’ N

high-field region high-field region’,

A. Ferri, IPRD13

One solution to decrease the optical isolation
between the cells: etching trenches filled with
opaque material

Trench Al Si0,

Quenching Resistor

2-5pm  01-03pm

~ 500um

Bulk Silicon

D. McNally, G-APD workshop (2009)

U e [\ e e

Cross-talk probability

! - [~ ouaeeC 5
0.95 -@-OMMPFCSMD [
- —@— NewMPFC Slum) [
[I.E: - - NewMPPC 25um)  [J
-F —— New MFPPC (Trench) E
0. C —4— KETEK Profotype-A [J
N.6F ~¥— AdvanSDNUV [
- —4— Sem:L Bseries i
0.5¢ o
e
03 C A A o
TE —F =
0.2 ; ;
0.1F :

{I{I 8 10
Over voltage (V)

Y.Uchiyama et al, IEEE NSS 2013




Active layer is very thin (few um) = breakdown development is very fast + big charge = we can

expect very good timing properties even for single photons ~
18000

16000 -

14000:
fast component of Gaussian shape with 50 ps< 6 < 150ps 12000 |

The fluctuation are due to the variance of the transverse moool/' FWHM = 89,36 ps

diffusion speed and the variance of transverse position of 2=
photo-generation. 5000
4000
2000 - . Co
;-:-J:-d-_‘__- o -._-\_-\.; o 0 ‘ Ll M T '-Zh— T 1 v T v T
. 300 320 360 380 400 420 440

;fl 1 -/

E. Popova, SiPM Advanced Workshop 2013

Transverse
multiplication

Ln*

Guard Ring
n-

slow component: minor non Gaussian tail
with time scale of several ns due to minority
carriers, photo-generated in the neutral regions
beneath the depletion layer that reach the
junction by diffusion.

Nl o e e |
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WP,
NDIP
Timing resolution as a function of the incident number of photons SPTR as a function of the temperature
= 80
— =
S = 70 A=400nm @ : 78 S0 M 405 m
2 9;0 + Overvoltage = 4V FBK 250 | -850 um - 467 nm
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40
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" o photoreled V. Puill, NIMA 695, 2012
=100 ——————————————————————————]
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P.W Cattaneo, arXiv:1402.1404v1
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NDIP
Detection of photons: statistical process based on the probability of detecting randomly distributed

photons by the limited number of cells: the dynamic range is determined by the PDE and the total
number of cells

N joron PDE Nsiedcelis: NUMber of excited cells
Nopral N, total number of cells
A~ Nﬁredceﬂs = Ni‘omf (l—e ) o .
Nphoton: NUMber of incident photons in a pulse

SiPM response as a function of the number of instantaneous incident photons

L’ [ T T T T T T T T T T T T T T !_
T 120 o
S - PIFIIPIFIE IR S o S e .
B E e 5 2 or more photons in 1 cell look exactly
I wt - like 1 single photon
2 .k T 100 cells H
s L Eh 1 x 1Imm? .
60 - 100 um cell size
* f ] Output signal: proportional to the
20[E %2/ ndf 6.207 /10 [ H
? il 18.1220.2078 1 number of fired cells as long as
O{T 1 1 1 1 1[][]] 1 1 1 1 2[][”] 1 1 1 1 3[”']0 1 1 1 1 4[”']0 1 1 1 1 5[]]0 Nphoton X PDE << Ntotal

X # Photons
T. Kowalew Thesis

The saturation is a limiting factor for the use of SiPM where large dynamic range of signal (5000 —
10000 photons/pulse) has to be detected (calorimetry)

Sl /. A\ [ | N\ VéroniquelPUILL/NDIP14, SIPKA tutorial



NDIP
high density SiPM : device with more than 1000 cells/mm? + short recovery time

60

HAMAMATSU A:15um New |

50 A :15um Conventional |

40 f‘b“‘ii‘;‘ ————— ===
30 e —

1 mm? S Lo

4489 cells (o SVl s
10 & A g —
cell size : 15 pm Om'““‘m%

— 1L L m— C gain=2x105 200 300 400 500 600 700 800 900 1000

= 20 um cells g e p— :

=S 3".[‘ = =il : = 0 Wavelength {(nm)

{ ll"\ I.{"- AN BE e = ~ ~

il nle d bl HPELEDEDEDEE HPK, private communication
W wie niw Bl 39U EVE
) wlw wl

PDE (%)

MPPC-15 pm, 500 kOhm, Y11 light, 50 ns gate

W Wl "
: £ 100000 | | ‘
§'<’ * Measurements
‘S 10000 — = Calc. Npixels=4 489 e =
g= —Calc. Npixels=12 000 / == 3
) A N
= 1000 l d
Q
[T
=
© 100 S
o 1.2 10° =
o 5}
E 10 S
S
> S
Z 1 .
>3
1 10 100 1000 10000 100000
Nphotons*PDE

fast cell recovery time (~4ns) = the linearity for Y11 (WLS fiber) light of 4489 cells/mm? MPPC corresponds
to a SiPM with ~ 12000 cells/mm?



KETEK
35000
MP15 Ve WS:
15 ym 30000 Jpp————Y
1.2x1.2 mm? cemmk==="" 20 pm
C II . 15 25000 _-ﬂ'
ell size = 15 um -
= ] ——————— ]
12800 cells oy g
g 15000
®
MP20 V4 W12: 10000 15 um
3x3 mmz 5000
Cell size =20 um ) , ‘ , , ‘
22500 Ce”S 0 200000 (S(Tr[][][]l}ﬁjm . 800000 1000000 1200000 1400000
- E. van der Kraaij, LCD ECAL meeting 2014
Active area: 2.2x2.2 mm? _ - ok
FBK cell size: 15x15 pm? FBK SiPM (15 micron cell pitch)
# cells: ~ 21300 % R
. Fill factor = 48% 30 St eoeas)
RGB-SiPM-HD 25 St e = PDE(27V)
£ 20 e e e
w X Ak 4 . X A::o.”
2.2 x2.2 mm? o °
gain - 8X105 12 .. ..IIIII.. ll. .........l;.. %
DCR = 2MHz/mm? . -

recovery time =9 ns

FooTE TR

350 400 450 500 550 600 650 700 750 800

Wavelength [nm]

* measurements by Y.Musienko @ CERN



ZECOTEK MAPD-3N

Design of the novel MAPD device

Special design: both the matrix of

avalanche regions and the
individual quenching elements are
created inside the Si substrate with
a special distribution of the inner

with super high linearity
2k
\VAYY

electric field

35 T T T 1200
Source: Y. Musienko, CERN
20 R YYW
A A
A A“ 1000
5 at =
3 A A ) = 800
g ', e
2 20 A o
& A A y < 600
7] A bl
' <
£ 15 ag o
E A M 2
< A Ay & 400
S 10 by i
g A A
MAPD-3N @ 90V A
200
5
0 0

350 400 450 500 550 600 650 700 750

Wavelength, nm

0.0E+00

800

of — 80V
P* layer for contact — gﬁv
T Pehatai 20 +
/ P — epitaxial layer 20
N* _ pixels inside
40k
itaxial layor s
E
= 60}
£
2
Ed
-0l
N-Silicon wafer 100
-120
140 L .
0 20 40 80 100 120
time [ns]

1350000 cells (15000/mm?)
gain = 10°

slow cell recovery time : 80 ns

T T T T
Source: Z. Sadygov et al, arXiv;1001.3050) /

p

I B Experiment

Linear approximation

7 10%/pulse 111

2.0E+04 4.0E+04 6.0E+04 8.0E+04 1.0E+05 1.2E+05 1.4E+05 1.6E+05

Number of incident photons, N

A. Rychter, Proc. of SPIE Vol. 8454
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Radiation hardness, an issue for photodetector in Calorimeters

—

protons / neutrons

bulk damages caused by

- »>increase of the dark current and the DCR
lattice defects

’< »change of the breakdown voltage
»change of the gain and PDE dependence as a function of bias voltage
+* limitation of the low light detection capability

% destruction of the device

y-rays, X-rays

creation of trapped
charges near the
Si-insulator interface

DCR DCR

134 Before irradiation

5 x 108, neq/cm?

X
Entries 99999
Me:

RMS 16.04

)
[=]

Tensione [mV]
2 ]
[=]

Before irradiation

5 100 150 200 250 300 350 A0 _ 40 500 122 e 500 6% 1005 1266 1400 1505 186 2000 3200 200 400 600 "800 1000 1200 1400 1600 1800 20“‘3 223

Maximum in event window

T E Ein 3197419 z | - z
£l g 5x10° neq/cm? §o 5 x 10%° neq/cm?
e Emo; E
0 E i
: 5 x 10° neq/cm? ) 2o -
wh 180} e
105 1505 ‘ 70 mV 150 “ “ \ |‘ 8
E 140, J‘ l \ \ \ ‘ \ J l |‘ \\ —
mE 1305 1 ! 100 | 'I
1k 120“ W ﬁwh‘ J |I|I
500 11 0
o 200 400 500 800 000 1200 1400 600 1800 2000 220? oy “oo 400 séo 00 1D|0D 1200 1'4'EIID'1'6|O'0'1|8'D|0|2'9||_?:|':|‘;2|[§g]0

W. Baldini, TIPP 2014 .28
' vV
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HAMAMATSU , NDL, ZECOTEK, KETEK developed devices with improved radiation hardness:

The best at the moment:

= 15 um cell size MPPC (1 mm?)
= 10 um cell size NDL (0.25 mm?) SiPM

which survived 103 n/cm? 1 MeV equivalent neutron
flux (108 n/cm? 3 years ago)

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

T 12
(2]
[]
T
3 1 » 8 'l =! * !....‘.‘......
= + X oy = gAi
) X a4
. *

[} X & m A
E 08 . ¥ L WY
i [) b
o 06 *
S o NDL SiPM, 0.25 mm*2, 2500 cells | * .
% 04 || AMPPC, 1 mmA2, 4489 cells ¢ N
E ’ EMPPC, 1 mm*2, 2500 cells ¢
2 *MPPC, 1 mmA2, 1600 cells ¢
E 0 2 | +
o - +MPPC, 1 mm#2, 400 cells v
0
w
- 0

1E+10 1E+11 1E+12 1E+13

ay

PDE(515 nm) [%]

-

NDL SiPM after 1E13 neutrons/cm?2, T=22 C

0
9
o new

6 - :
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6 . .
5 ? T
: i
3 . ¥
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24 245 25 255 26 26.5 27

Bias [V]
15 pm MPPC after 1E13 neutrons/cm?

14

12 Anew
—_— +irradiated
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o © 7y 1
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I..IGJ 4 , A ; }

= *
o s 3
2
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Y. Musienko, NDIP 2011




Large SiPMs: large sensitive area but high DCR ...

Excelitas C30742-66 ASD-SiPMA4S sensL C-series HAMAMATSU S10985 KETEK PM6060 STMicroelectronics
/ :
V. /
Area om % Dark Count Rate I
Producer Reference (mm?) PDE max @ 25 °C max (Hz) @ 25°C * Gain
EXCELITAS C30742 6x6 30% @ 420 nm 10 .10° 1.5 106
FBK - AdvanSiD ASD-SiPMA4S 4x4 30% @ 480 nm 9.5 10’ 4.8 10°
50% @ 440 nm ’
HAMAMATSU | $10985-50C | 6x6 | (includes afterpulses & 10.10 7.5 10°
crosstalk)
SensL C-series 6x6 40 % @ 420 nm 4.5 10°(21°C) 3106
7
KETEK PM6060 6x6 40% @ 420 nm 18.106 10
9 6 6
STMicrolectronics | SPM35AN 3,5 X3,5 16% @ 420 nm 7.510 3.210

* 2013-2014 datasheet data




Segmentation of the light detection + need of larger active area = SiPM matrix

FBK

ASD-SiPM4S-P-4x4T-50 vi k
ecote HAMAMATSU

$11834-3388DF

4x4 channels
1 channel = 4x4 mm?
6400 cells (50 x 50 um?)

/channel
8x8 channels /
1 channel = 3x3 mm? $11064-025 N
Excelitas Ketek 15000 cells /channel \\09‘99%’
S0
\

==== R&D in progress 4x4 channels

— 2
.... Matrixes of 16 channels 1 channel=3 x3 mm
ﬁ with 3 x 3 or 6 x 6mm? 14400 cells (25 x 25 um?) /channel




Sensl|

ArraySL-4p9-30035

8x8 channels
1 channel= 0.5 x 0.5 mm?

SL-4-30035-CER

4x4 channels
1 channel=3 x 3 mm? 5
4774 cells (35 x 35 um?) /channel DLS-6400-22-44 . -

ArrayB-600XX-64P \ Y 32 mm
I 32 mm

8x8 channels

8x8 channels 1 channel = 3.9 x 3.2 mm?

1 channel= 6 x 6 mm? 6396 cells (59 x 32 pm?) /channel
18980 cells /channel Electronics embedded

new surface mount package 54



_ . . * improvement of the spatial resolution and PDE
Requirements for the SiPM matrixes:
* simplification of the assembly for the building of detectors

with large surface and large active area

4

v' Important efforts on the packaging: matrix tileable on almost all their sides + small dead space
between them

v Development of monolithic SiPM matrices: all the channels are on the same substrate = small
dead spaces, simplification of the assembly

Discrete Array Monolithic Array 3-side buttable Tiling

o
KA

o200y
0/

U




HAMAMATSU

4x4 channels
1 channel = 3x3 mm?
3600 cells (50x50 pum?)/channel

Gain map (71%V0} C) $11828-3344

N

0 3 sides tileable
ps 1 cathode — 16 anodes

87.2%

4.4

9.2

, v
ave. gain = 9.7x10°

Kato et al, NIMA 638 (2011) 83-91

[ sigme_hama_35x tdo | Timing resolution
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M. Bonesini, IPRD13
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E 1\
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s
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V(V)

ASD-RGB1.55-P-8x8A WE\N

8 x 8 channels

4 sides tileable

M. Bonesini, IPRD13




HAMAMATSU development: another way to improve the fill factor and therefore the PDE

Through Silicon Via Technology: each anode is connected
by the shortest distance possible to the substrate

with wire bonding (traces to with TSV ( No traces )
the bonding pads)

ok

+ high precision assembly = Discrete Array like monolithic array !
$12642-0808PA

8x8 channels array

4 side tileable configuration with very narrow gap between neighboring
active areas (200 um) equivalent to the gap in traditional monolithic type
devices

KETEK & PHILIPS are going to use TSV as well

FooTE TR

16x16 cha'nnevls array

321
~
S
..... N
..... (%)
................ %)
.............. =
.............. w
W
............. Y]
=
~
2
&
2 Between chips ) 54
70
Substrate edge to -
active area Between active areas
+ . 200 200
\
\
\Substrate \ \Bummp ball\  \Active area
\X‘Chlp \\ Contact pad
\ (or connector
\_ {or connector) )
£ af :
y N
7 Y
30f r|f| 1.‘:1
T ~
2of JJ
153 H
10E I o
5 —
300 400 500 600 700 800 9

N. Otte, NDIP14

wavelength [nm]




Quick look on some other structures

Digital SiPM

Resistor embedded in the bulk

Véronique PUILL (LAL), NDIP14, SIPM tutorial


http://www.modeles-powerpoint.fr/

NDIP

Array of G-APDs integrated in a standard CMOS process. The signal from each cell is digitized and the

information is processed on chip:

e time of first fired cell is measured
e number of fired cells is counted

® active control is used to recharge fired cells

2 > ? = 2 X " ooe
digitization immediately
after the signal generation o3

digital sum of the detected photons

U e [\ e e

bias Vbias
Cell cell | Detector + Readout
Electronics Electronics
Recharge IJ_ | - -
i Trigger
: o Network [] L2 >
_| Photen |_la time
7| Counter >
chergy
York Hdmisch, TIPP 2011
S . TDCand
q aca photon counter

* no. of photons
* time stamp(s)

| Digital Cells

|
|
|
|

Digital output of
* Number of photons
* Time-stamp




Photon Defaction EMclency

Time Resolution

Early Designs in 2005

EoF a0 =
- F &
; M: — Weswinriw || ; 120 Ji
DLS-3200-22-44 £ F s i g
Y gl | TalN) = 27.8 + 354.9/N
® 3200 cells o 8.0\
* 59 x 64 um? cell size Il E EF L ELN
» 78% fill-factor . : ru*:"ax.,,w F e
10 - 40 T
] | ] : e ] |
5w "'ﬁ"'m_u""m”"mulwaﬂun mo—_ 1io 203Io 4:) 5ea|o

Mean number of photons N

T. Frach, 2012 JINST 7 C01112 T. Frach, Hereaus seminar 2013

afterpulsing ~ 18% (20 °C)

DCR = 200 kHz/mm? (20 °C)

temperature sensitivity ~ 0.33 %/°C
timing resolution (SPTR) = 140 ps (FWHM)
= recovery time :5—40ns

Radiation hardness ?

Drawback:

- still working for 10! n/cm? (data to be published » requires a dedicated readout provided by

soon) Philips

- 60
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photon detection prebability (PDP) [%]

4

L. H. C. Braga, IEEE Journal of solid state circuit vol. 49, 2014.

a L i L i L L
350 400 450 500 3550 600 650 700 750 800 850
wavelength [nm]

counts

10
0 02 04 06 08 1 12 14 16 18
time [ns]

TR TR

2

5.24 mm

Faculty of Electrical Engineering, TU Delft

Area of the chip: 22.1 mm2 with a sensitive area of
3.2x 3.2 mm?

4x4S|PMs

MASKDATA and ENERGY registers

Column-parallel TDC

Deep nwol cathode
{Stwared with cther SPADs)

VCO and reference generator

E0p

g

S. Mandai, 2013 JINST P05024

i

§

Timing resolution for a single photon (s5)

4x4 8@ 16x16 3232 64xbd
Size of SiPM
61

NDIP14, §



The quenching resistors are formed in the Si bulk rather than on the surface of the device

MPI NDL

>

Edge electrical
field region

High field region

DY bulk ;depletion, ; v bl
\ lresistor i region ! { P-Epilayer oo [
e Rt . (2328 ohmem) - L

depleted gap
region

on-depleted
region

Back electrode

anodes

Advantages

simple fabrication process

no obstacles in entrance window

resistors

possible high geometrical fill-factor

possibility of antireflective coating

possible high cell density

U e [\ e e



SistQ
e

30 | 100 T— ; .
28 I T=-20C ] 904 Hamamatsu MPPC
= 372V ]
) 2 + e 382V — < %07 SiMPL
= Pitch : 100 — 160 um al Lt A 387V el
" Gap:5-20um il o8
. 6 < 20 @ 50
" Gain=2-10x10 < IRC I - S ]
= Cross-talk= 15 —-30 % (-20°C) 16 . Lo § w}-
14 it~ _4 DN 17 - 1
» DCR= 10 MHz/mm? (25 °C) L e 26‘ e - 4 © fz
= PDE (440 nm) =26 % (-20°C)  w-SP=%wm 1 .
400 450 500 550 600 j=[o}
wavelength (nm) Fill factor [%]
@ C. Jendrysik, NIM A 718 (2013)
N\’ NDL
— 14 50000 T T T T T T T T
12} N s | ]
2 . 10r / ‘\\ ‘E-
e 2.2 x2.2 mm*cell size : 42 um . /‘ . 2 .l
- 8r N 5
* 43400 cells . e g
o a A E 2m00
* DCR =8 MHz/mm? (21 °C) \ W 2
* Gain=210°(21°C) N S o).
« PDE (460 nm)=12% N i e
. . 400 450 500 550 600 e o 100 200 300 400 500 €00 700
* recovery time:5.8 ns Wavelength () Current of PIN ()

C. Li, IEEE NSS 2013

Promising results

R&D on going at MPI and NDL to improve the structure and the performances

o




Conclusion

64
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*High gain (10°-10°) with low voltage (< 100 V) | *High dark count rate @ room
*Single photo detection temperature for large device (=9 mm?)

*Good timing resolution (SPTR =40 ps - sigma) | *High temperature dependence of the

. *Insensitivity to magnetic field (up to 7 T) breakdown voltage, the gain
SIPM *High photon detection efficiency (35 % in blue) | * Small devices
*Mechanically robust * Few geometrical configurations
*A lot of R&D and different producers available

*Low cost mass production possible (ex: T2K)

New developments to discover during the NDIP14 Conference

- 65
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Lectures and Revues :

= Summer School INFIERI 2013, Oxford: Intelligent PMTs versus SiPMs, Véronique Puill
= RICH 2013: Status and Perspectives of Solid State Photo-Detector, Gianmaria Collazuol
= SiPM workshop, 16.02.2011, CERN: State of the art in SiPM’s, Yuri Musienko

Books:

= Physics of semiconductor devices — 3rd edition, S.M Sze (John Willey & Sons)

Reference articles:

* Silicon Photomultiplier - New Era of Photon Detection from Valeri Saveliev

* Advances in solid state photon detectors from D. Renker and E. Lorenz

* Silicon Photo Multipliers Detectors Operating in Geiger Regime: an Unlimited Device for Future
Applications from G. Barbarino, R. de Asmundis, G.a De Rosa, C. M Mollo, S. Russo and D. Vivolo

Articles and presentations:

All quoted under the figures and plots of this presentation (my apologies if | forgot some of them)
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LD

NDIP

Do you want to play will a real SiPM before attending to session number 3 ?

éD’PaZ -

Jean-Frangois Vagnucci

SiPM Demo

Vincent Chaumat
praEeTATIer?

. Pt

Laser 437 nm

. - 67



Hi

Polarisation circuit

1.8K Ohms
Pulsed Laser I oV
light N 4.7nF
\.ZSiPM
Readout circuit
1.8k Ohms

Lo

Vcce

50 Miteq
Amplifier

Hi

Keithtley sourcemeter

Lo

WaveCatcher
8 channels
50




Va4V 4

LABORATOIRE
DE L'ACCELERATEUR 4 8-CHANNEL WAVECATCHER
Lt N-EA J R E ORSAY

/7
0’0

3

%

/7
’0

D)

3

*

3

*

/7
0’0

3

*

/7
0’0

/7
‘0

)

sl”u CHO CH1 2 CH3 CHe CHS CHE o
S e9eee .. 00060 ,

L g 3 ——EXT—

‘ - = s .
[/ r u i e © © © ETHERNET
£ X TRIGOUT SYNCIN TRIGIN »

Based on the SAMLONG Analog Memory ASIC

Sampling rate ranging between 400 MHS/s and 3.2GS/s.

1024 samples/channel

12 bits of dynamic range

Small signal bandwidth > 500MHz

Sampling jitter <5 ps rms at the system level
8-channel synchronous system

Advanced Oscilloscope-Like Software (Plug and Play)

Embedded feature extraction: Baseline, Peak, Charge,CFD (TDC-like mode) ...

Time distance between: and Enable Time Measurement [7 0/0if

Mean [ns)  RMS [ps) Fitted Mean (ns) Sigmaf{ps) FWHM {ps)
10332 452 After gaussian fit: 0.000 000 1202

Nb of bins inTime Histo ¥ 100 Nb OF Entries 20400

Time difference distribution

nce Distribution

Time differe

40500 40400 mann 10200 10083 D Breton /EEE RT2014

Time differs

Amplitude histogram

‘= Amplitude Measurements Q@ \ﬂ

Enable Amplitude Measurement [V On/0ff

Channel to plot:

Mean (V) RMS (mV)
0.418 22150

Nb of bins inTime Histo 3 250 Nb Of Entries 15003

Define X axis control K min q 0100 ¥V x_,_,._,:,,_(;; 1000 v

Auto [J]] Manual

Amplitude distribution

o
0. 1I[I2 0. Z‘D[I 0. CiI[IEI 0. nt‘[l[l 0. éDD 0. EID[I 0. YIEIIJ 0. HI[ID 0. ‘E;[IEI 0. S‘BH
Amplitude [V]

DCR as a function of the threshold

Hit Rate VsThreshold Plot LB
Min Thicshold  Max Theeshold
250 0250 250 0.2%0 o [

Select Channel to Plot:
P

1250 129
$ ooV T osmv

Nb of steps fox plot 3 100 Log Scale (2 0n0R
Hit Rote vs Thrashold

- 10000+

Hit Rate ( Hz)

269331
005 010 015 020 02 03 035 040 045 050 055 060 085 070 075 080

Thieshold (V)
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7% International Conference on

New Developme

Tours_;,jgrance, June 30 to July 4th 2014 ND'P

Thanks for your attention (even at 8 a.m
after a night of football matches of the
Word Cup in Brazil ...)

- 1LE
I

Quarter-finale R\\\\
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Backup material



http://www.modeles-powerpoint.fr/

Huge Detector (LS + PMT
Energy resolution ~ 3%/E

Neutrino target: 30m(D)x30m(H)
LS, LAB based : ~20kt
Oil buffer: ~6kt

- Water buffer: ~10kt

ie PMT(20”) :~20,000

60 km

r
»

B BIS HUiZhou

G205

Reactor experiments:

14F
Near Site
1.2 l Far Site Daya Bay
o4 4 [T
The Main Scientific goals: B ol
g T su Dava
= Mass Hierarchy (2 06 o Busey  Bay
X ovno
.« e . 04 & Goesgen
= Mixing matrix elements A Krasnoyark
0.2+ O Palo Verde
B Chooz @ KamLAND
= Supernovae 00k, ! L ! !
- . 10' 10° 10° 10" 10°
geo_neUtrl Nnos Distance to Reactor (m) 2

L. Zhan, et. al., Phys.Rev.D 78:111103,2008

L. Zhan, et. al., Phys.Rev.D 79:073007,2009 72




Photodetector requirements:

* insensitive to magnetic field (~ 4T)
¢ good sensitivity in blue-green
echeap (10 millions channels)

studied SiPMs : MePHI/PULSAR, CPTA

/ "\ cabling
Magnet " AHCAL ECAL
HCAL prototype ( from 2007 to 2011) Michal Tesaf, PhotoDet2012
| - | ichal Tesar, PhotoDe

MePHI/PULSAR SiPM
HCAI test heams at SPS H8

W i L BN B B L B B L B L -
S0 E e S
Lﬁ 400 E_ _E 300 + wrilh TampCor
350 F 3 S T
300 g_ _g | Fms 005179 :‘:13; u;&igj |
o 250 E = [
Qmimaon - E_ _E 200
] E | 200]
i v, y ’ 18'000 ch 150 E— —E
o NG - : 100 E E [
38 layers - ~ 7600 SiPMs from S0F L mm T !
oELA N " e
MePHI/PULSAR 0 200 400 600 800 1000 1200 1400 1600
A [ADC]
temperature dependance (variation of MIP distribution of muons ) 926% -0.2 E-DD.J ( 0 203'1 l).zzu 3.3
L os for 0 . *(gain 2007 - gain 2010) f(gain 2007 + gain 2010}
PDE x Gain :3.7%/°C %)= correction of  a;,cr collaboration, 2010 JINST 5 PO5004
response variations S. Lu, LCWS11

Ongoing activity : engineering prototype is now under construction with SiPM from CPTA




! m SiPMs for Calorimeters : Upgrade of the CMS HCAL

4
HB & HE upgrade Photodetector requirements (to replace the HPD):

Studied SiPM :

i
(beneath =
plate) ;

Temperature dependence = control @ 0.2 °C

Control Board

Y. Musienko, NDIP 2011

Significant progress on the SiPM development over the last
2 years (HAMAMATSU , Zecotek, NDL) = the MPPCs from

HAMAMATSU are close to satisfy most of the requirements.

R .\

» very large dynamic range: a few p.e = 2500 p.e

» high occupancy in front layers in SLHC - fast recovery time (5 — 100 ns)
» radiation hard up to 3.10*2 1 MeV neutrons/cm? for 3000 fb* (Gain*PDE
change < 20%)

HAMAMATSU, ZECOTEK, FBK, CPTA , ST-Micro, Sensl, NDL, KETEK

Muon response in a single tower of CMS HO

_SIPM Energy (4TS sum) | _— —
400 Mean 76.03
’ RMS 59.82
Underflow 0
180 | Hamamatsu OvarBon o
{ Integral 2.576e+04
300 Skewness 1.106
% | naf 22167141
Prob 1.7140-05
250 Constant 1257 + 136
MPV 60.77 + 0.33
200 Sigma 19.07 £ 0.24
150
100 |
50
0 L o o b a1y Al rdrads s
0 50 100 150 200 250 300
Lin. ADC




717" SiPMs for neutrino oscillation experiment: T2K '

Tokai-to-Kamioka = ... ND280: near detector complex - neutrino beam flux and
L spectrum measurements

) e s Magnet
K kands J <
\-&l:;u" 295km = yoke

FGDs

ECAL TPCs

HAMAMATSU MPPC
customized device

v (K Jokyom T % Magnet
‘-»“G."..m ( o ‘o)y4o KM“ coils
tkn i I 3 v ‘ t
Far detector : Super Kamiokande v
o ~AZOA S ETER b ® _J.
2
Photodetector requirements: Wi 1.3x1.3mm
667 cells (50 x 50 um?)
* insensitive to magnetic field Pizero Lvacker
e coupling with a scintillator + WLS fiber (PDE > 20 % for green light) DBt
* DCR<1 MHz ,
e compact o Se——
ol v AV=09V : [
g - S s ] @ 4[| o av=11v :
= .1 [515 nm LED spec a1 2140 7 AV=15V, T=20C | & ,l| & av=13v| . 1
fa = 15.1°% . | ® 3 . o AV=15V
2 32{| o 200% ! o=t 120 pea ® 35H a4 av=17v|
] | & 250% @-‘ i Y =
~ 100 %Ig
24 | i - - 25}
20+ ‘ 25 S S 80 ol
15 ! A..4 - 60 1 5-:
™1 2
124 ‘. ! ! ! ! ! ! - Fo 418
24 .. ! ! ! ! ! ! - i J u H o5k
4 LI T L] T L] T v T v T LI T v T L] T LI T =
02 D4 05 08 10 12 14 16 18 20 ' L.Jr : it sts it 0 0 10 20 3'0 20 50
AV(V) Charge (adc ch.) Temperature (°C)

55996 MPPC tested : only 0,16 % rejected A NEhETEl R LI OL 1906

FooTE TR




; télz SiPMs for Cherenkov light detection (IACT) A

FACT: First G-APD Cherenkov Telescope

MPPC 810362-33-59C 1440 channiels
coupled to a cone light
concentrator

I - I

Photodetector requirements:

Th. Krahenbihl, Photodet

* PDE > 20 % for blue light 2012

* ability to detect single photons problem with the SiPM V,, temperature dependance
*Stable  e— —regulation of the bias voltage with a feedback system
erobust

*compact an Event Seen by FACT

First operation on the night of October 11, 2011

After one year of routine operation:

» no indication of any problem or ageing in any SiPM

» temperature as well as ambient-light dependence of SiPM well
under control

» operation under very different ambient conditions shows no
problem P. Voqler, TWEPP 2012

U e [\ e e

2
:
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"
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P #
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AL SiPMs for medical applications : PET nelii

Small animal PET

miniature, high-resolution camera for a small-animal PET imaging system that is based on a combination of SiPM with a
continuous scintillation crystal.

TRANSAXIAL

* LYSO continuous crystal (12 x 12 x 5 mm3)——> ,
* monolithic matrices from FBK (DASIPM project) £

» AE/E ~ 15% FWHM (at 511 keV)
7 Ax=Ay~ 0.7 mm FWHM

G. Llosa, PSMR 2012

AX-PET

.. to axial

C. Joram, NIM A 654 (2011) 546-559

Some results

» AE/E~ 12% FWHM (at 511 keV)
7 Ax=Ay ~ 2 mm FWHM

» Az (axial) = 1.8 mm FWHM

* long LYSO crystals (3x3x100 mm?3)

* orthogonal WLS strips

* readout by SiPMs from Hamamatsu
* 3D reconstruction of photons

U e [\ e e

Latest development:

Use of Digital SiPM (Philips) for AX-
PET with TOF = CRT < 200 ps
FWHM.




_ LY

_r Optimizing signal shape for timing

slow

Single cell model - (R,||C)+(R,[[C,) R ] .h.lfals.t--- ...... ----- SN
SiPM + load - (|1Z,)IC, s+ Z,as : B l : : i

I I
1 | : Rq I : 1
+ fast pulse (T4 (rige), Trast (rai)) : Y ! . TG

! _

o I (NG I bl
*T4 (risey~Ry(C,+C,) [intrinsic] EMOEN i IR -J' ¥ !
oTha) = R Coe  (fast; parasitic spike): ' I—T-l — — L !
*Toow (al) = Rq(Cq+Cy) (slow; cell recovery) o h oo Parasitic
F.Corsi, et al. NIM A572 (2007) 416 micrgce“ \ microcells cal;;;g‘;iitd;nc

. Seif: I. E L .
S Seffert et al. IEEE TINS 56 (2009) 3726 Cq - fast current supply path in the beginning of avalanche

Pulse shape ———__, Sp.Charge Rd x Cd,q filtered by parasitic
V  Rise: Exponential inductance, stray C, ... (Low Pass) -O(R__, C.,)
e Fall: Sum of 2 exponentials: transient + recovery

N~ | C, L R, C,
0 d

V{f]l [ _Tg etm_\'r_'_ load Tﬂﬂw}
Cc+C, C, R, C,+C,

for R _.<<Rg

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

AV(C+C,
Gain still well G = [ dr ARy (c+C,)

defined: qeR.?aaa‘ q.

G.Collazuol - RICH 2013




[source: W. Shen]

Vblas
S|PM Rbias
- Cblas
:|I
[Tl I~
“'l fa |
X
é e =FF
Vbi | 1 ::
4 Cpxl cd
Rd
output
\

F T TR

Pixel capacitance

Parasitic capacitance
Capacitance of inactive pixels
Stray capacitance

Quench resistor
Space charge resistance

t : lpo'y Ei

4 e e—




... and what about using just AC coupling ...

SiPM std architecture

(@)

s

USRS

— i — A

P

A — e A

=
¥

——

SensL new SiPM architecture

- Power for fast timin
) _ J
s 3 3 3
T p
$ 3 3 %
sz =z =
w f}gﬁ t}f 5
Ground & Tarrasred

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

The traditional SPM consists of a parallel array of avalanche photodiodes each in series
with a quench resistor, as shown in Figure 1(a). In this configuration both bias and
readout must occur on the same electrode. The introduction of a denivatively 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 mnherently limited
by the large output capacitance of each APD [3].

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

S .\ e L e\




Prompt OC suppression using Si damaged

by ion implantation

No OC
suppression

Gain = 0,8-10"
N = 4,29

0 1 2 3 4 5 6 7 8
10-Jun-2010 B Dolgoshein Silicon PM

e e B U
' A "\

T
300

200

T T T T T T N T N 1
400 =00 E00 oo BOO

7 [with oC
suppression

Gain = 1,62-10’
N = 4,32

DAL AL R AR B UL | T T : 2090
o ’ : |
1 & ] g 2000 4
06 ] a0 ]
: /  No OC suppression
05 /- Gain0.8*107 4 . .
: i 40000 o
044 : 1
§ ] ¥ ™ 1 e
g &3_ ) .1- \lf _: =.|::|:||:_:
© OVIV=15% : A
q a di ]
02 ] ]
_ OC suppression :
01 Gain 1.6*10~7 E ]
e | L L A L i

SiPM 1x1 mm*2

aoc
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< -

MOS-Si

PM (new “analog’

Vi
(a) e (b)
Swrce; Drain Viesat H
- —EI J Source
o —0
o Cathode

Drain on shallow
implant

Viev

Viey

Fig. 1: (3) Struchure of the MOS-5:PM cell. showing the fanastor partially - “hottest” cells self-disabled (like in d-SiPM)

merged with the SPAD. (b) Schematic ciremt of the mucrocell.

Drain

—

— Gale

NI Y
LT

ERE RN

Reset

Fig 2: Schematic cocwt of the MOS-51PM, showing the connections of the
mcrocells.
1l developement to be followed

Passive quenching + active recharge

' SiPM structu

re)

Gola, Piemonte, Acerbi IEEE NSS 2013
(FBK-Advansid)

* Operation : periodic reset

'« Features

- low Dark Count device

- After-pulsing suppressed almost completely

- Very fast signal ~2ns width
. (AC coupling to Cathode)

MOSFET transistor replaces quenching R
custom process
no losses in Fill Factor

cheaper than standard analog SiPM

-\-\.

TI s

Tl:n
lf

LL Gate

.

avalanches

e |

[T Cathode

" slow discharge due o

unmiltiplied leakage

Random time

aller

D event

t

Fig 3: Warkmg principle of the MOS-51PM, whach is operated in a penodic
pulsed reset mode.
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-, PN

_F 'SPTR: position dependence - cell size 1

K.Yamamoto PDO7

e &
- j— —| FWHM = 263 ps

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

"
. - FWHM = 294 ps

148 2ps . 149 9ps

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

r T TR R

G.Collazuol - PhotoDet 2012

K.Yamamoto
IEEE-NSS 2007

l: KN
- | IR 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




V. Puill et al, Single Photoelectron Timing Resolution of SiPM as a function of the

bias voltage, the wavelength and the temperature,

NIMA 54094, NDIP2011 Proceedings

SPTR (ps)

SPTR (ps)

SPTR (ps)
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4

3-10% : . .
~f- 918 0 Gy HAMAMATSU
= ~f- 819 200 Gy -
X ~f- 519 20 kGy :
804 2 MG ;
Ya05; Y ;
& ~F-- 802 20 MGy .
A E
=
3
E 1.10° &

Nl
= S -
(1] . Ry e
o W T :

e
.|:| 1 1 1 1
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w

Excess Bias Voltage i'u’]

C. Xu, arXiv:1404.3206v2, 2014

DCR [cps]
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800 « WE PM1125 - 3 kGy ]
600 |- .
400 - R
2000 . .ot 1. -
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Proposal to Test Improved Radiation Tolerant Silicon Photomultipliers
F. Barbosa, J. McKisson, J. McKisson, Y. Qiang, E. Smith, D. Weisenberger, C. Zorn
Jefferson Laboratory

How to Extend the Lifetime?

SiPMs cooled to 5°C during the beam - reduction of the dark noise by a factor 3 and minimization of
the effects of neutron irradiation

Beam down period : SiPMs heated to ~40°C (post-irradiation annealing ) = bring the noise down to a
residual level

SiPM Neutron Radiation Test

At 25°C, annealing requires at least 5 days
12 B 2 |rradiation greq Y

~#-Recovered

" Heating to above 40°C can reduce the annealing time to less
than 24 hours

¢ | 15t Irradiation

Relative Increase of Dark Current

0 5 10 15 20 25 30 35

Neutron Fluence (10°n,,/cm?)
Neutron Fluence with 10® g/s on LH, Target with 1/3 efficiency
-> 3x10® n, /cm?/year 36

’ g




