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

The transformation of light into an electrical signal in a photodetector follows 3 steps : the photoconversion, the photo-
electron collection and the signal multiplication

ultraviolet infrarea
( ) 600 700
A(nm)
hotodetector | | 1. Photoconversion: photoelectric effect
Photodetector | |
——
electrical
signal
\

Readout chain

2. Photo-electron collection

3. Signal multiplication 3
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Phase 1 : the Photoconversion in Si

Photons entering a silicon layer travel a characteristic distance (absorption length)

The light is absorbed in the Si according to the Beer-Lambert law photons in the blue region

are absorbed in the first um
of the detector whereas the
red photons have to travel
farther in the Si before being
absorbed

:

I(h,2) =I()e 42

I(A) : initial photon flux

I(A,z) : photon flux on the distance z
from SiPM surface

a(A): optical absorption coefficient
z : penetrated thickness in Si o
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WAVELENGTH (um)

Photon give up their energy to create a photoelectron (this energy has to be
greater that the band gap energy), the e- is pulled up into the conduction band,
leaving hole in its place in the valence band.

These e- and holes created are called the carriers.

Band gap (T=300K) =1.12 eV

- for Si-photodetector this leads to a photocurrent: internal photoelectric effect
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From photons to a HI!&

Phase 2: the Photoelectron collection

(¥
Once the carriers are created they have to avoid absorption or recombination * $ B e E
to be collected and give a signal at the output detector | T : 5
* v v
band-to-band  trap-assisted Auger

1 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.
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The main Si detector characteristics

@ Sensitivity
@ Noise

@ Gain

@ Linearity

@ Time response

6
V. PUILL, SIPM seminar, Beijing 2018



Sensitivity |||l.|

The efficiency of the conversion process is measured by the quantum efficiency (probability that the
incident photon (Ny) generates a photoelectron (Npe) that contributes to the detector current)

L

photodet

Quantum efficiency

N
Qe[%] = —=
Ny

Radiant sensitivity

w

Sensitivity x Gain x Npe

Photo detection efficiency (SiPM)

In the SiPM case, the sensitivity is given by the PDE which

combines the Qe and 2 other factors : Egeom: geometrical

factor and Ptrig: triggering probability

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

photodet
I(A) S[mA/W]~ Qe[%]xA[nm]xge
hxc
~ Qe[%]xA\[nm]
124
1]
0.9
E 0.8 Ideal Photodiode
s 0_7__ QE =100% (77=1)
%‘ 0.6
'g 0.5 2
2 0.4 8
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0.1

Wavelength (nm)
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finandit: St ) 1)

In high electric field ( 10°V - cm™) the carriers are accelerated and can rich an energy higher than the

ionization energy of valent electrons = this process called impact ionisation leads to the carriers
multiplication

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

hv
G = Qsignal
de o
The photodetector output current fluctuates. ) \
The noise in this signal arises from 2 sources: &
...
. . e e e |
= 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

2

ENF =1+2¢
G2

NG

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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Noise is a general term that covers all sources of unwanted signal that are superimposed to the pulse we are
interesting in and imposes a limit on the smallest signal that can be measured.

Principal noises associated with photodetectors :

Physical detection stage

signal processing stage

Display or

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 follows 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 ....

9
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Linearity ||||.|

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)

\
LB AL R AL | L | ML | o e
IDEAL ) et Idet = o Flux
— 1000 5 E
% Idet = a Flux 5
5 —
= o
3 2100+ ;
5 ; ]
= 1 ]
3 257 1
Incident Flux (photons/s) ] 1
10+ 4
1 ML | " AL | AL | ML |
1 10 100 1000 10000

input signal (incident number of photons)

Saturation: issue for the measurement of large number of photons (calorimeter)
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Time respo H!

photons
RISETIME FALL TIME
i il
: PR
E 10% ANODE
photodet At ! QUTPUT
|
¥ i TRANSIT TIME At 90% SIGNAL
Froty ERoty oty :2008/06/08 Vw:'cwﬁ !: "
- 0 0.0002 00004"me - 0.0006 0.0008 0.001 . . .
Timing parameters of the signal:
Electrical 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
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Schematic structure of an idealized PIN PD High purity Si with highly doped p+ and n+ type contacts on
sio, opposite surfaces. These 2 charges layers produce an electrical
Electrode ’p"‘ Electrode field
|

iSi | At When light is incident on the p layer entrance window of the
detector (which as to be transparent), it produces e-h pairs in
the depletion layer (1 - 3 um thick).

¢

pnet E

eNy A i Charge density
o | I The internal electric field sweeps the e- to the n+ side and the
a ':' > . . .
* ” s hole to the p+ side = a drift current that flows in the reverse
5 N ‘ direction from the n+ side (cathode) to the p+ side (anode)
B a1
g |
@ . built-in-field, o ) ) ) )
g E(x) | Built-in field This transport process induces an electric current in the external
g A > x circuit.
g E ——1 ] . AI )
i 0 . PINPD in reverse mode ..' 1= IO(eXp(eV«“‘kBT) -1
‘(*W%i :Io
E /
hv>E
8 « ¥ N ¥4
-\ > <_Oz_~> /Im— — A}
+
h Dark current

lo : thermal-generated free carriers which flow through the junction
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P27 ThePIN photodidde| |

PIN photodiodes were the first large scale application of silicon sensors for low light level detection.

Their development was driven to find a replacement for photomultipliers in high HEP experiments,
where detector elements had to be placed in magnetic fields.
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E<E .
. e > high QE (80% @ 700nm)

R%j;vg > But Gain=1
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1. large reverse bias across the junction (50 - 200 V)
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multiplication

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

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 and these new carriers can initiate other
pairs starting an avalanche.

lonization coefficients a for electrons and [3 for holes

10°

10°

10°

107
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L=3

ELECTRIC FIELD (> 10% V/cm)

7 8 910

lonization coffient for avalanche Multiplication

photon
nregion o /2
R
Q
0] 3
4
p-region >

Time

At this electric field (~10°), the impact ionization
coefficient of holes is much lower and the avalanche
process is created practically only by electrons

- avalanche process one directional and self quenched
when carriers reach the border of depleted area.
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1200
* a
1000
. < | . \
800 . S -
c ¢ S ) o)y
‘S 600 : a -0 5
O ® N E ‘e
'J, -15 L
400 2 % .
200 c?\ § -20 *
S -
0 +essnense } N -15
0 100 200 300 400 500 § *
Bias Voltage [V] é - 0 500 1000 1800 3[|‘[|J
B0 Q Gain M
0 {—esstesstiannetert APDs (~ 120000) in the ECAL of CMS
40 = 5
‘. CMS ECAL @LHC
’0.. .I \
20 ‘5 .
PEWO, sint
10 L S ey
. |
350 400 450 500 550 600 650 700 750 800
Wavelength [nm]
CMS APDs (bias voltage : 50— 200 V) =
Si
» high QE (80% @ 500nm) working gain ~ 50 S1sop s
> Gain = 50 — 100 Vbias ~70V S N
> high variation with temp. and bias voltage : § o ()N
AG =3.1%/V and -2.4 %/°C (gain= 50) g e e,
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From PIN photodiode to Eﬁﬂi ode APD

5,E-07 -
Geiger mode -APD 5 .08 |
¢ Vbias> VBD : Gei de APD
e G O ] eiger mode
5E-09 +
e single photon level —_ ]
<
& 5E107
S ]
8 ] Veo APD mode _
T 5E1 4 photodiode mode
'-5 ]
Vgp: breakdown voltage
5E-12 - B g
R.H. Haitz.,, J. Appl. Phys. 35 (1964) =75 -65 -55 -45 -35 -25 -15 -5
Reverse bias voltage(V)
APD Photodiode

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

*  Vapp< Vyias< Vpp <:|
EI e G=M(50-100)

e Linear-mode operation

(few hundreds of photons)
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Schematic structure of a G-M APD - —

photon

N .
,) x-r:glon_‘ 4
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R Elect ( ) /

> Photon T 7 N

% Antireflecti : / S \ :
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S M Electrode i % h Holes (8) 8 \\ ‘ » breakdown
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ime
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S o . ! CLECTRIC FIELD (n 100 wremn

E|ectr0de lonization coffient for avalanche Multiplication

both type of carriers participate in the avalanche process = creation of a

equivalent electrical circuit s ) ] . .
self-sustaining avalanche = current rises exponentially with time and reach

T the breakdown condition. No internal “turn-off” = the avalanche process
R=500 must be quenched by the voltage drop across a serial resistor : quenching
output resistor
hv Rq G-M APD output signal G = 10°-10°
GM-APD n+(K) ,TA 1-10- 1000 photons
p++ (A) 3 - same amplitude

—_ = /R Binary device : output signal

Viine % N N N # (charge. or amplitude) is not

proportional to the number of

> incident photons

Time (a.u.)

18
# No information of the light incident intensity with this kind of detector
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100 - 1600 cells

E # Microcells  zathode T i
R.

lm:llllr,:li

| n+

=P
m p+

i i
oo - i
i

Valeri Saveliev, ISBN 978-953-7619-76-3

Quenching Resistor —\

’—— Antigeflective layer Bias
ﬁ_ .

Avalanche zone

» GM-APDs (cell) -few hundreds/mm?2- connected

in parallel

» Each cell is reverse biased above breakdown

» Self quenching of the Geiger breakdown by
individual serial resistors

KETEK web site

N-doped P-doped
body entrance window

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

3

output charge is proportional to the number of
of incident photons

overlap display of pulse waveforms
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2% Development of the signal in a/cell

equivalent electrical circuit of a SiPM cell

S
S DIODE
S li_i__w_ Vgp : breakdown voltage
I . .

Q \A ol | Rq v Rq : quenching resistance

\Y} D] | 1VBias . . .
2 o — Vo = Rs : Si substrate serie resistance (<< Rg)
> | . .
3 Rs_g | Cp : diode capacitance
aQ ! .
S Vg as © bias voltage

Vbias > Vbd
Fundamental operation modes in a GM-APD: quiescent mode, discharge, quenching and recovery phases

Quiescent mode

1 = Switch opened
:§; . = Unless a photon is absorbed or a dark event occurs, the current stay stable
i
Quenching
mamd  Discharge phase *:/V o
v A -> B :avalanche triggered, switch closed by L, P o
. Jﬁd\ CD discharges to VBD with the time constant _ depletion region -
| 7 = Rsx Cp» =2 during this phase, avalanche ,NMoh—>
. )CCh AUb' multiplication is ongoing inside the GM-APD -
e-) Charge ias

asymptotic grows of the current

G.Collazuol, LIGHT11
20
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Development of the !!!Em! cell

DIODE
[ |
i | W Quenching phase (B-> C)
| | Ra
| C | V
iVBD& 2L vy "5 = drop of the current across R, that leads to a reduction of the
i Rg | voltage in the diode = less and less charge carriers going through
i ° v the multiplication regions = quenching of the photocurrent which

prevent further Geiger-mode avalanche from occurring
= avalanche quenched

1 = switch open
3 :
i
Quenching
e Recovery phase (C=> A) :
[Avalanche]
v = C,recharges through Ry with the time constant T=Rax(o
Ubr QJJA\ = reset of the system
R = the GM-APD returns in the quiescent mode, ready for the detection
C A of a new photon.
(Re-) Charge Ubias
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Characteristics of SiPM
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Important photodetectors pafameters |

Photodetectors parameters System requirements

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

Dark noiserate @

Correlated noise @

Timing capability ® € Timing Resolution (TOF PID, PET, ...)
Signal shape @

Gain ()

Radiation hardness @ @ Energy resolution (Calo, PET, ..)
Geometry o

Temperature dependence @
@ Large or complicated systems

Packaging ® (HEP, Astro, medical appli, ...)

23
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Photodetectors parameters System requirements

Photon Detection Efficiency

Large dynamic range (Calo, Astro, ..)
Dark noise rate ’_
Correlated noise "«,‘

Timing capability ©- A .
Signal shape ‘é“v\“(
Gair '\’\\

Radiation hardness \,\

Geometry
W
Temperature dependence \

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

Energy resolution (Calo, PET, ..)

24
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Dimensions: 1 mm?2 to 16 mm?
Cell size: 15 pum, 25, ..., 100 pum
Matrixes: 4 to 256 channels

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

e

25
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Amplification
Technologies
(DAPD)
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Signalpuis AR L L 1L

Different devices, diferent shapes

; = 0.01F .
| { l Ry = F Recovery time: tens to
| Gy Das 2 ok ki
hs I‘V B 2 opituitry L hundreds of ns
| Rs £ - .
,,,,,,,,,,,,,,,,, <001 e Time to recharge a cell =
C " Process . - £
o 002 ’ after a breakdown : T =RCp £ B 0 o e
Fast rise time: hundreds of ps ¢ t S 15 same amplifier board
- 003 Procasy | | - / T g Vb +1.5V
TR_ RSCD ﬂ ! e < 20 .
_t 04— / - Hamamatsu 100um
1—e /T/n/? 25 —— SensL100um
R 005 Pulsar 42um
100 50 0 50 100 1T5'0 ns) —— SiMPI (130um g10um) @ -10°C
Ime [ns. -30 T T T T T T T T T T T 1
-100 0 100 200 300 400 500 600

Time (ns)

The rising edge corresponds to the discharge phase (RCp) while the slower trailing edge is the recovery
phase with time constant RyCy

MPPC S$10362-33-050C-329

o 107
g i b) 'ampl@ -100°C"; Ty giow~60NS; 51~300ns
%_ ;3 -~ 'ampl@-90°C; Ty si0w~55NS; 5~275ns
. ape £ 0.8 'ampl@ -80°C"; gy siow~51ns; 51~255ns
RQ N POIySl | IcCON © ’ A\ 'ampl@ -70°C';  Tray siow~50NS; 51~250ns
8 'ampl@ -60°C"; Ty siow~47NS; 51~235ns
N 3 'ampl@ -50°C";  Tga) silon~45NS; 51~225ns
. . g 064 aMPI@ 0°C"; Ty q0u~330S; 5t~165ns
Poly-Si are temperature dependent: the resistor | 5 AMPIQ 10°C =330 55~165rs

'‘ampl@ 20°C";  Tgay giow~33NS; 51~165ns
‘ampl@ 30°C"; gy siow~33NS; 51~165ns

value increases as the temperature decreases 04
] Rq

—>strong dependence of the recovery time with
the temperature

T=-100°C
024 :

/.
0.0+ 2
......... T T
0 50 100 150 200 250  300x10°

Time (s)

Dinu, IEEE NSS 2010
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Metal Quenching Resistor (MQR)

120 Good Uniformity of resistance
~ : poly-Si resistor full 6-inch wafer

3 5100 ’. A — ( )

SR B metal resistor Width | Poly-Si | Metal

%)

2 fg 80 2um | 19% 9%

w 0/ o

H S eo _— lum | 37% 11%

S 3 \ / Low Temperature coefficient

S o

S @ 40 of resistance

2 3 P— Poly-Si Metal

= £ 20 :

3 237k | 043kQ
0 1 1 1 (/deg C)
0 100 200 300 400
Temperature (K)
The metal resistor has 1/5 lower temperature coefficient of resistance than poly-Si resistor
MQR with high transmittance = directly on the photosensitive surface = higher fill factor
< 100
*
T 90 | Y A A
o
£ 80 fa)
New 10 um f 70 B A A B
= 60 | -
= 80 &
£ 4o} . Old MPPC S
S L A +:0ld eries
2 30 # + : New MPPC Series
) 20 [~ .
2 * : Trench Series
(0] 10 |
0

0 10 20 30 40 50 60 70 80 90 100

Microcell Pitch (um)
K. Yamamoto, 2nd SiPM Advanced Workshop, March 2014 28
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Alternative quenching : buI mﬂam

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 electric field

’_ hlg)n\f\eld §§
Sl T w ﬁ |
" \ : Bulk 'eap Bulk | N-Epitaxial |  Bulk | '
X ' i Reslstor| g Reslstnr| layer K Resistor | U
RQD - CC Photon%w»r& .. _ . . .’
1 i
Vblas ! |
. EQR-SiPM (3x3 mm?, 9381 cells/mm?)
Ninkovic et al NIM A610 (2009) 142 -
Advantages gl it
§ 20 'i
¢ Production process simplified ; E'ﬂ .
4 E indow free of duction lines - fill factor i i h
ntrance window free of any conduction lines ill factor increasing £
& The light entrance window is flat and can be easily covered with anti- T
reflecting coating B a0 Te—r—
& High density of cells can be achieved L e st
Drawbacks ol
= 40000 |- =/,’
30000 - 4 .,
% Non linear behavior with the voltage Rt e vl
. . 1 L y
% Longer recovery time than standard SiPM - S
0 50000 |00:\JlT IIIII XPWDSOEOOO 200000 250000
R&D is still on going to improve this kind of devices T. Zhao et al NIM A —in press

29
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Active quenching: iﬁaﬁl_

Use of a transistor to actively discharge/recharge the diode
dSiPM principle (Philips) : Instead of connecting each cell to a resistor, each cell of a dSiPM is connected to

integrated electronics that actively quenches a breakdown and produces a binary signal.
The digital signal is then transferred to an :

v on-chip counter, which provides the number of detected photons

v' aTDC, for the registration of the arrival time of the triggering photons T e
bias bias Digital output of
§ - Number of photons
Cell cel | Detector + Readout * Time-stamp
Electronics Electronics
l:L Recharge IJ_ | > -
: | Network [|_T°6 T time
> Coumer —PPenergy
York Hémisch, TIPP 2011 ’
digitization immediately
after the signal - no. of photons
generation - time stamp(s)

»

digital sum of the detected photons

30
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Vertically E!!EEI_

Array of GM-APD on a thinned silicon wafer (50 um)

SPADs Array 3D dSIPM
Each GM-APD is controlled and readout individually by a CMOS readout Active Counts 5
. S hing —_|
electronics which is placed under the detector (through a TSV) e
- Active _
- 5 T(;tier 2SPAD amay ‘; que.ﬂd’fing
= — s circuit
N \ x 40 000 X 40 000
\ 50 pm thick
N Active
il quenching
circuit

N Bottom tier : CMOS readout

U.Sherbrooke :

* Photo detector tier design
* Electronics tier design

+ 3D assembly

Working

[l Open circuits

Protol : 13/484 pixels Proto2 : 67/484 pixels

Light emission from High-R paths — SPAD to TSV

SPAD turned OFF

Goal : Single Photoelectron Timing Resolution = 10 ps

F. Retriere, TIPP 2017
31
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cain | IIAHE 0 0L L

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

chu . Cp x (Vbias — VBD)

Events

Gain =
e e
Vgp: bias at which occurs the breakdown
AV= Vbias - VBD
Gain of 1 mm? SiPM (25°C)
4 5X1 06 ] @ Photonique 43pm/CME” >30fF
' ] v FBK/I run 40ym/C,__, ~65fF
] ’ pcell
4.0 /.X A FBK/II run 40pm/C ., ~60fF
] / X *  SenslL 20pm/C ., ~80fF
3.5 ¢ y SensL 35pm/C, , ~150fF
: >4 X SensL 50ym/C,,, ~300fF
3.0 4 / B HPK 25um/C,,, ~25(F
c o5 P > HPK 500m/C,, ~125F
s ek Pl i + HPK 100um/C,,, ~500fF
O 205 it -
1.5
1.04
054 /%
1 58
N. Dinu et al, NDIPO8 AV (V)

10°

10

Charge (pC)

10° < Gain < 10°
= |inear 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

32
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Variation of the gain wi :Immlm

Temperature coefficients as a function of Vbias Gain independent of the temperature at fixed AV
$10362-11-050C HPK MPPC 108 Gain vs Over Voltage
16 5 0.9F
N R | | & .
3 14 . k;~8 %/°C 0.8 MPPC1mm? -
N 12 o i
S = ¢ . 0.7F s £
£ =10 . g %7
a5 . 0.6F o
QO~ g 8 e * 4 o 0 5— *° * S CC
o X . re . 10°
2 S : w7 - 15°C
g 4 0.4 w s . 20°C
3 - ¥ 25°C
S 2 0.3F -’ . 30°C
> C cd . 35°C
0 02f < L 20
69 69.2 69.4 69.6 69.8 70 70.2 70.4 70.6 - 1 | | | |
Bias [V] 0 0.5 1 1.5 2 25 3
Over Voltage (V)
3 H. Tajima, 2013 CTA SiPM meeting
€ 6000 x10 S$10362-11-100C No180
g - S$10362-11-050C No163
50001 )
= (constant bias voltage)
40001 :
= : : For a stable operation:
3 g 135 - 103 /k P
T 3000F _
2 - 3 .
S 2000~ 37-107/k v the temperature needs to be controlled with a
kS c . .
8 1000F precision of a degree
< C

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

'
Y
o
\
a
o
()]

The dependence of the gain with the temperature
is larger with a bigger cell 33
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tonlpetfprmance|

Photon

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

number 10000 - 1 pe
0 pe
8000 —
2 pe
£ 6000
a
t (&)
4000 - 3 pe
g2 -
gzoo Vov= 2.8V
0 T= 300 K 2000 - 4 pe
160 y A
we ] GGG ATAC SN
120 0 100 200 300 400
b channel

llll lYIIIITIIIIIIIII]TIII‘IIIITI

2
Pulse Charge [C]

Single photons are well separated in a wide range

The resolution of SiPM allows very precise analysis of the detecting photon flux up to single photon

D R T i eErmretETme ey 'y vy _—-—
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PTG Photo Detection Efficiency (PDE- Q) |

PDE=Q, - P

trig' 8geom
Qge: carrier Photo-generation

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

P fraction of the photo.n. flux aI?sorbed in the
depleted layer (sensitive region). Depends
on the thickness of this layer and of a

Qe =(1—-R)E[1—e %]

/

v’ effect of reflection at the surface

102

(cm-1)

' £
of the device. L 101 2
, S
v’ reflection can be reduced by the z -
. . . 5 104 1 —
use of antireflection coatings m o
i 5
\l JAL 8 102 10 %
~ 3 - :
b \ n, [m| n e =
S N % 102 102 8
\ 03]
s <

<

I R

P\

T

fraction

of

e-/h

pairs

that

successfully avoid recombination
at the Si surface and contribute to
the useful photocurrent

R : reflection Frenell coefficient = 0,3 for Si

10!

=

200

103

400 600 800 1000 1200

WAVELENGTH (um)

dniaue PUILL, SIPM Seminar, Beijiing 2018



Photo Detection Efficien

PDE = Q Ptrlg 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 and of AV

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

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

' P,, dependence on position

ﬁ 1.0 1.E+06 —— -
N : = P MAX lonization coefficients o for electrons and f3 for holes
A\ 09 + — — = T it i R S £ 1 10°
N—
g 08 4+ — = _)c;_i’— —é— - Pl W aympaanns _ _| L 8.E+05 |
~ e \P ) //
u 07 +—-—-———-q--"—-—"--——-—-—- 01/- - ; 1o // |
Ty
\\ g 06 + P MAX _I _____ r 6.E+05 E Electron (o) /
o h o — 10 .
g ® 05 =T — - — - S & 5
© =
S foaf---- —- e - 4E+05 © &
3 L. s @ E
§ 0.0 S I e Y - — — ’é Holes (2)
02 f-—---J L N L - L 2.E+05 e
h 01+ ————— — B\ DAy A i — - —— - —
—F > 00 ; ! Ey 10 I
0 0.2 0.4 0.6 08 1 .
e a g
1
1 2 3 4 5 (=3 7 8 910

both carriers contribute to the avalanche ELECTRIC FIELD (x 10° V/om)

lonization coffient for avalanche Multiplication

To maximize the triggering probability, the photon conversion should happen in the p side of the
junction, in order to allow the electrons to cross the high-field zone and trigger the avalanche
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Photo Detection Efficie mt - g

P -0 .
=1 PDE=Q,-P

trig' Sgeom

€.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

How to increase the Fill factor ?

Poly strip

l High-field region |

High-field region

€=
~4.5um <2um Trench

Fill factor
» (4] ()]
o
53

. CellPitch

G. Zappala, VCI 2016

FBK High-Density technology:
Etching thinner trenches between the cells > smaller
dead border region = higher Fill Factor (30 % o 10 2 o % s 1

increase) Cell size (pm) 37




PDE of SiPMs: p-o0 mma_

photon% . Blue photons absorbed in the first

ectons 05um um-> only the e- drift toward the i STM-2013 SiPM, 60 pm cell, U=31V
electmns 7 high field of thg Jun.ctlon and t.rl_gger :c; E +

holes e - an avalanche with high probability. o ﬂh p—

SES h
. w i !
In the case of longer A, holes will g2 i,
reverse bias voltage 1 1 1 1 * ¥ ' [}
e s00um drift tOV\{ard ‘the junction with 10 ST -
1 b I smaller triggering proba = reduced 5 i
0
PDE 350 400 450 500 550 600 650 700

Wavelength [nm]

Y. Musienko, INSTR14

HAMAMATSU
40 ——"current" PDE 25y @ 74V KETEK
Al . ——"current" PDE 501 @ 70,2V 80
_ 45 4 1 T T i —"current” PDE 100p @ 70V 70 2310V
0\%40 //—‘\\ é.m «' o i il - ™ 1 ® “counting"PDE 25u @ 74V 60 I] I « 285V
H 35 - ’ N g /0/'/* R INCT I ® "counting” PDE 50p @ 70,2V — }
£30 N ~——Overvoltage = 2.5V e 1 NG = X 50 i
b o : T % "counting” PDE 100p @ 70V Sl I
2 %5 -~ Overvoltage = 5.0V - 1 i TINEN w 40 % [ 1} T
g0 2 E 30 § : %ﬁ“}p
315 i 3 }Nf ﬂ“
S10 | 2 20 - Area: 1.0 mm? “*H““ )
2, g, Cell Pitch: 50 um s,
£, S 10— GE:70% iy
] , , , v 2
300 400 500 600 700 800 * 5 After-pulses and X-talk taken into account 0
Wavelength (nm) 350 400 450 500 550 600 650 700 750 800
0 Wavelength [nm]
400 450 500 550 600 650 700
A(nm)
V. Chaumat, PoS (PhotoDet 2012) 058 F.Wiest — AIDA 2012

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

38
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PDE of SiPMs: n-0 EEM!_

n-on-p SiPM with larger depletion depth have higher sensitivity in the red

FBK SiPMs,T=22 °C

photon 35 - - -
n* 4 (2012) - 15 micron, dVB=5.5V
holes 0-5pm 30 - (2011) - 25 micron, dVB=10 V
i K n' A
P 1electrons 25 e 12444, i
p— A A
electrons P -epitaxial layer 2-4pm o\° 20 AAAAA s AA‘ AAA‘
\ T A AAAA
1] A Aa,
P -substrate E 15 A | T T “AAAAAAA
300um 10 = 06..'0
‘0’”0000 ML T2 TS 2 IVEN
5 rYSes "A6
i ‘0 ’0000
B 0
350 400 450 500 550 600 650 700 750 800
Wavelength [nm]
MEPhIVPULSAR APD, T=22C, U=59V
12 80 I E— — I
10 . J © CPTA/Photonique APD T=22C
i -
00“”’..0’”00. 0““”0 %
—_ 8 — ) 40 - *0000y
§. ‘. 0’0 — 00. .’.
w 6 -2 ‘e 2 30 - yon
o 7 *eu - ° Yoo
a 4 < & 2o o
0’. ¢
°
2 10 °
o
0 0 ]
350 400 450 500 550 €00 650 700 750 800

400 450 500 550 600 650 700 750 800
Wavelength [nm]

Wavelength [nm]

Y. Musienko, INSTR14
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dewsietosl TN 0 1)

PDE for VUV is ~ 0 for commercial devices because of :

L%uv % low transmission for these A of the sensitive layer which is due to the protection coating (epoxy

gy resin/silicon rubber) that absorbs the photons

* as the absorption length in Siis 5 nm for UV photons, they are absorbed in the p+ layer just below
the surface

¢ high index of reflection for UV photons on Si surface

P+—

N++

HAMAMATSU

SiPMs sensitive to VUV light (<150 nm) were recently developed by HPK for detection of LAr (T=-186 °C) scintillation light
(A=128 nm).

= precise control of MPPC’s protection layer - reduction the recombination of carrier produced just

= optimization of the MPPC parameters (less defects) under the surface
New VUV MPPC

PDE measurement data
Vover =4V, in vacuum

b

3
(=]

™

3X3MM-50UM VUV 2 40%

T T I —]
- 2.0 1 e T 7 235% || ——VUV-soump

| ===VUV3-50ump
| I |

-2 30%

o
T
.-
.
- &
(=]
- (2}
~e .
-
-~
1 1 1 1

‘i
80:C ]
0.5 :

—— 3X3IMM-100UM VUV3 &
»

IXIMM-50UM VUV2

—— 3X3IMM-50UM VUV3 $-130C

(=}

1 2 3 4 5
MPPC Over-Voltage (V) 0.0

o

55 60 65
MPPC Bias Voltage (V)
NIM A833 (2016) 239-244 HAMAMATSU, private communication

40
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oy sieteg I 0 1L L

FBK

SiPMs sensitive to NUV light (A =178 nm).

30 T T T T T T o
~ 25 || Preliminary
&
)
g 20 1S
2 g
© Q
§ 15 1 =2
: [ s
()]
S 10t 1
8
(=]
=
= 5r 2016 FBK VUV-HD LF W9 189 e |
2018 FBK VUV-HD LF WO 1-13 —.—
2016 FBK VUV-HD STD W11 184 ———
2018 FBK VUV-HD STD W1 54 —s—
0 I L L L L L
0 1 2 3 4 5 6 7

overvoltage V]
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Gdum i v 1 1 A

0.0+
-0.1
>
>
8 -0.24
©
>
-0.3
carriers trapped during the
avalanche can produce
0.4 delayed secondary pulses
Time (s)
Contribution 1: Dark counts
Contribution 3: Cross-talk : amplitude =2 p.e pulses triggered by non-photo-
generated carriers (thermal / tunneling
avalanche in one cell = proba that a photon triggers generation in the bulk or in the surface
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ekcount a1

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.

BEFORE T oan
E /§ o e | DCR dSiPM & analog SiPM
i;' |43 NewMPPC 5um)  [] 10° — . . . . ,
g «df— New MPPC (Treach) sesesescecanas tereeeses sresesieais
= C —— KETEKProonped [| e e g W
; 0.8 i 1 AdvanS$iD NUV vVV""""v':vV'<_ ~ 50 HZ/Mm2
£ L 7 —— SewsL B-serie: H N ""'y'vv" "'""'V‘YV';V*'VV
3 . A 107 Lyvv? yvv'’ vvvyy ]
2 0.6[ ] ~ \ ve? "vv"" :
= - ~ T "" 4 . . . .
- 4 — v vy
E 0.4_ j ) // 7 o vyvv"
0.2f l,/‘/j: - ] a 10° ...... +“—F =1 HZ/LJ.I'n2
E . eancy el ] e g @ W TGP all pixels -
Py - % - SN @@ v oM 10% meskng |
0 2 4 6 8 10 5 ° L4 v md-SiPM 20% masking
i Over voltage (V) 1“.. *  MPPG
Y.Uchiyama et al, IEEE NSS 2013 0.5 1.0 15 20 25 3.0
—0.35— [=—] Hpk-s10362-33-050C Excess Blas [V]
NE ' C [E=— Hp-s13380-3050Cs-10980
TO DAY & - o | E=—] HPK-513360-3050CS-10977
a r == sensL-MicroFC_SMA_60035-1 . . .
g 03 R Pixel by pixel DCR of dSiPM (TU Delft)
i)
50.25; 500
£ F 25
3 F 450
7 S S S
© F 400
° 20
0.15— 350
01i :.‘ 0 15 300 -
R TR T R A o = 250 T
I e A 2 =
0.05} _____________ 10 200
. = 150
07w|~7.i. (Tl T A AR | AN ITEIT
0 1 2 3 4 5 6 7 5 100
Over Voltage [V]
50
C. Betancourt, Siena worksop 2016 0

2 4 6 810121416
Column ID

DCR of recent devices = few 10 kHz/mm?

43
l
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Variation of th i;.l—

Variation with the bias voltage and the temperature

dSiPM (Philips)

1.4M - SPAD Dark Count Rate Distribution
comJ FBK-RST . Hamamatsu . . 1
292 cells (70 um) 12M{ [w 20¢]  S10362-11-050U LT l‘
" AC 154 mm? . ‘ * 15C ’ : |
40M{ | » 15C * ., T 1.0M+ 4 10C E
A 10C L o A © - 5C ™ or F {
v 5C ., v O _soookd | ¢+ ocC E
~ A o ~OUUURH v [—
7 30M : g g - . . : : ¥ <« -5C . . B : |
3 v e .o, Lt QB00.0k- . v 3 '
0 20m 0 A vy 4 4 ' A ° {|
IO A 400.0k ] E A v « l
10M- AR . . . : [
* i v <
' f s \” 2000kq g : < ', |
0 T T T T T T T T T T d 0.0 ? T T T T T T 1 R J’ L_‘_"“'L‘ ’
1 2 3 4 5 6 10 12 14 16 18 20 22 24 ' * Dark Count Rate (cps)
av (v) av(v)

O. Starodubtsev, PoS 2012

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 low bias voltage

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

44
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L anetatrlIE )

Formation in the Si volume where a breakdown happened of a plasma with high

CB_e
S temperatures (a few 1000 °C) = deep-lying traps in the Si creation = carriers can be
oo 103 trapped
They may be released at some time and trigger a new ot ||
\ breakdown avalanche event : afterpulse (described in = ..
v term of probability) S
_y -0.-3150E-08 1.0E-08 3.0E-08 5.0E-08 7.0E-08
e T ' ' Time (s) ' :
Paﬁerpulse(t) — Ptrig < Pcapture T Pcapture: trap Capture prOba
P.ig: @valanche triggering proba
- T: trap lifetime
50 |-
— ° . S10362-11-025C
S 40 ©  S10362-11-050C Number of carriers produced in the
g : o S10362-11-100C / valanche ot AV
o 30 —
El — e OQAVZ <
5 E . [ Triggering proba o« AV
< L
- ™Y - -
10 ° o=
- . i
: L] - = -
o 1% | i BN | | |
0.5 1 1.5 2 2.5 3 3.5
Ugver [V] P. Eckert, NIM AA 620 (2010)
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o td decreass HFpliErpdsine 2 |

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

l HAMAMATSU before after

Con\ffentional MPPC
Ovetvoltage = 1.5 V

New MPPC
Overvoltage = 1.5 V

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

0 50 100 150 200 250 300 (n 0 50 100 150 200 250 300 (ns)

40 pamsn | | |
FBK . ¢ :Conventional MPPC
X 30 A :New MPPC N
- >20% /
Q
7]
S 20
.
[0}
: #
10
/ <3% A
" A 7 .
o -4 - |
0 0.5 1 1.5 2 2.5 3 3.5 4
K. Sato, VCI 2013 Overvoltage (V)

F. Acerbi, PhotoDet2015
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hu these photons (= 30 for a gain of 10°) can trigger another

avalanche in one cell avalanche in a neighboring cell without delay

probability than 1 carrier
emits IR photons
with E>1.12 eV

2pee. Crosstalk—> §

3p.e. Crosstalk—>

Ways in which secondary photons can travel to M. Knétig, 2"¢ SiPM workshop 2014
neighboring cells to cause optical Xtalk
Microcells %0 E { S10362-11-100C
o " T Window 45 = o $10362-11-050C S
P- G 40 E A SPMMICRO1020X13 8
@) # A - n S10362-11-025C o
.: 35 = + S
N e s 0 FE 2
l‘ C :
N+ substrate “\," ;c. 25 ;— ¢ é
PVE f S
. . . =} -
a) directory to a neighboring cell 15 E : &
0E 2 ‘}p &
. . EF h&&
b) reflected from the window material on : ;j
0 C1L 1 l L1l l L1l l L1l I L1l l L1l I L1l I 11
the top of the sensor (usually epoxy or 1 15 2 a5 3 as
glass) Gain [10°]

* Xtalk probability increases with the dimension of the cell
c) reflected from the bottom of the silicon
*rises with the bias voltage (number of produced charge

carriers)
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How to decrease |t}

|

One solution to decrease the X-talk : optical isolation between the cells by etching trenches filled with

opagque material

Trench Al SiO, /Quenchmg Resistor

5
=

2~5um  0.1~03pm

Bulk Silicon

D. McNally, G-APD workshop (2009)

HAMAMATSU HD-1015CN

@ HD-1015CN-§
\J 1 é
® 25%
0.1 .
9 ¢ 20%
o ) *
S ¢ g
% 0.0¢ < 15%
> Y 3
[
) ** 2 10%
o s
0.02 o’ d ) a . 5%
® (Yu.Musienko , INSTR-2017)
0
0 ‘ € 3 0%

V-VB [V]

Xtalk < 0.1 % !!!

KETEK SiPM channel with KETEK
30 82.5 um x62.5 um cell pitch
7 O KETEK state-of-the-art trench
Fit
g O New trench technology e
z - - -Fit
3 20
@
o
<4
o
X
©
'—
210
o
(@) A 4
—O
-0
o090
0 T T T T T T
0 2 4 6 8
Overvoltage V-V, [V]
40pm Cell Pitch, PDE at 400nm
FBK
S / 9
/ —~
o\ﬂo l/ g
’ L,
‘\{0' \ A 125% é
‘q} / CrossTalk >
Ve KS)
Q NUV-HD_~ - S
A .~"NUV-HD S
17 ]
_ LowCT N
___________ S
30% 35% 40% 45% 50% 55% 60%
PDE (%)

KETEK — Photodet-2015

dniaue PUILL, SIPM Seminar, Beijiing 2018



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

T T T T T T T

18000 -
16000; ! a
14000 |
fast component of Gaussian shape with 50 ps< o < 150 ps 12000{ |
The fluctuation are due to the variance of the transverse ‘[)‘)"‘)j/ FWHM = 89,36 ps
diffusion speed and the variance of transverse position of 2 |

. 6000 ~ ! R
photo-generation. ’
4000 -

2000 4 Do ﬁ

” - TN 0 T T S 11‘._ Y T T T
b/ ) 300 320 34 360 380 400 420 440

TDC channel (1 ch=20 ps)

E. Popova, SiPM Advanced Workshop 2013

Transverse
multiplication = o )
| e

'High Field
! Region

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 ¢ e
reach the junction by diffusion (~L¥nD with L effective neutral ooy e
layer thickness and D, diffusion coefficient) =777 °7°
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Variation of the timin M’i_

The precision of a SiPM in determining the time of arrival of a single photon is referred to as the SPTR: Single
Photoelectron Timing Resolution (FWHM or o)

Variation with the interaction position in the cell

SPTR FWHM (ps) vs Laser position (mm) SPTR FWHM (ps) vs Laser position (mm)

167.05
280
250
il 240
167.04,
240 230
220 220
167.03| 210
200
200
180
167.02 190
160
180
38

139.4 139.41 139.42 137.98 137.99 1

FBK NUV SiPM 3x3mm? Hamamatsu TSV SiPM 2x2mm?

M.V. Nemallapudi, JINST 11 P10016

1 mm? ,

=100 4to 16 mm ©
2 C —E&— Old MPPC —J— New MPPC (50um) - 400 8

= C -3 I > @ —&— Hamamatsu LCT2 3x3mm2
= 90 I ——— - NewAFRC (Treah) g & I —@— Hamamatsu TSV 3x3mm2 E_'
s o —A— KETEK Prototype-A  —¥— AdvanSiD NUV < = —e— Hamamatsu TSV 2x2mm2 -
;:' C ~—4— SensL B-series —~ L 350 | Senel JDO 3x3mm2 ~
Z 80 ~N E é I —— SensL JD4 3:3mm2 ~
o~ r n (@) o Ketek Optimized 3x3mm2 ‘é’
o ] : = ’# é —fl— FBK NUVHD 4x4mm2 =
70 __. ) \‘. ] N 3') 300 — s B % —@— FBK NUV 3x3mm2 :
o — . S —— STM 4.3x36mm2 3
—~ F \ A a7 N ¢ S
O 60 " + - S 250 %
~— C o™ O ¥t ] s ] ™ =
oy T 1 3 3 S
soF - - - = E . o g
R T |51} T et . S L. .. ]
- n . —+ 4 = 200 " " 2
- % = - -8 -0 . 45 -
40f | 1§ ~
C 1 S

300— P s s L Q 1502 4 6 8 10 n2 14 16 18 20
N 2 4 6 8 SiPM bias Overvoltage (V)

Over voltage/SiPM (V)
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Variatich of the timing Fgsplgoh | |

SPTR as a function of the temperature (-220 to 25°C)

§“140 -~ . . ™
3 At low temperature, higher carriers mobility
;‘9 120 e AV =42V .:
® AV =44V 2000
100 1 i
z‘ 1400 ——hole mqbnmy(e: (4:
80 3 Yo
l + g 800
60 4 Pl
’ L 200 ¥
40 O200 250 300 350 400 450 500 550
Temperature (K)
single photon FBK
20 timing resolution devices
2009 (n-on-p) —> avalanche process is faster and fluctuations are reduced
05.0 75 100 125 150 175 200 225 250 275 300
T(K)

G. Collazuol, IEEE NSS 2016

Timing resolution as a function of the incident number of photons Poisson statistics: o, « 1/VN,,
900 - Time Resolution dS|PM
800 1 1 mm? MPPC -
-l .y z [1 AV=3.3V
| g 20— . .
. 600 H c [ |
a " | \ 2\ T...(N) =278 + 3549/N
s 70|
e o
- — F Sl
100 “—‘———*‘_,* 40.— — L. e
L)) — -— zﬂg
" - ” ” - e - ~ 1; 1L| i 30 ‘ I;J ) ﬁICI
Mean number of photons N
Nfired
G. Barbarino, DOI: 10.5772/21521 T.Frach, LIGHT 2011 51
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Dynamic range a Iwuﬂi-

Detection of photons: statistical process based on the probability of detecting randomly distributed photons
by a limited number of cells=> the dynamic range is determined by the PDE and the total number of cells

N yjoronPDE Nsiredcels: NUMber of excited cells
N N,..... total number of cells
Nﬁ"n’c’e/ls = Niotar -(1—€ rorl ) . . . ;
reace Nphoton: NUMber of incident photons in a pulse

SiPM response as a function of the number of instantaneous

. incident phot
2 or more photons in 1 cell look exactly neident pnotons

like 1 single photon KETEK 3 x 3 mm? 50 um HAMAMATSU 3 x 3 mm? 100 um

N photons>> Ncells ;‘ g i . 51200[_ : "
T & w 2 - - v
o E -2 2 L A ’..l‘ll
§ £ xoof [ gwoo' -""Eku““
['] S bt
¥ S - Ly
F 800 o X
Ny E 3 ¢ 174
 E= SR
S T
8 o L D
Output signal: proportional to the number of & ok 7 Bl
: ® - C g Bl
fired cells as long as i 20— o
B f —— Vg <00V 2w
" o lL ‘ IZIOOE)‘;OOEII(;OOE)IBOOO 1000012000
Number of photons per pulseon SiPM  n Number of photons per pulse on SiPM n
N x PDE << N o photons per p y-
photon total

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)

52
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Solution to the saturation: lar mm’i

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

HAMAMATSU 0um 10 um

N B I '
um cells 1
| 1 LN

., = rr\ii“' »ni,‘— rl,i
(- - »‘\ (- !
] E *ml:" "rl‘r
(- | (- 8
E "rl‘ﬂr\ rl,r\
I
(- N ) \N

- \': .. -r-i - ri!r_
UL O
W ad bl & i‘.

BLUE: MPPC B1-20um
RED: MPPC B2-20um

|- -

Hsize': 15 oy
489 cells 1

3

MPPCs
40 -
® 15 mkm
35 pog A 20 mkm |
3 30 . X25mkm‘
L * . 5'0 me 0 20000 40000 60000 .80000. 100000 120000 140000 160000
‘é‘ 25 . X # incoming
< 20 . x x> . .. .
0 x* Y E. van der Kraaij,, LCD ECAL meeting 2014
o 15 * X shignm
- " akAgw
w 10 K v axhwt
Q An®
o 5 L
A
0 Drawback : PDE lower than the one of standard device due to
68 70 72 74 76 78 80 T _
Bias [V] the deterioration of the fill factor.

Y.Musienko, CTA SiPM Workshop, 2014
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Solution to the saturation: large mi

FBK Cell Pitch FF Cell Density PDE at 400nm, T ~ 25°C , 1x1mm?2 SiPM

15 pm 55% | ~4444 cells/mm? 40um
20pym | 66% | 2500 cells/mm? ///"’::35“"‘
2 \50%, 30pm
15 m 20 um 25 pm 25 um 73 % 1600 cells/mm / /;/ o 5m
30um | 77% | ~1111 cells/mm? w 40%
------ & 30%
NUV-HD
50 - — 7V
el 0 B
40 0%

35 30pm cell pitch (] 1 2 3 4 5 6 7 8 9 10

30 Over-voltage (V)

25| RN

% PDE (350 nm) = 40% @ AV=3V

PDE [%]

20 G. Zappa/d, VCI-2016
15

¢ DCR =80 kHz@ 20°C (AV = 3V) of

5

| PR P T PR N S T .

”' 1 1 1 1 1 1 1 1 1 1
300 350 400 450 500 550 600 650 700 750 800 850

Wavelength [nm]

F. Acerbi, PhotoDet2015

. . . . . . 2
KETEK high density SiPM : device with more than 8000 cells/mm

35000

MP15 V6 W8: 15 um o

1.2x1.2 mm? m
] & & 25000

Cell size =15 um

520000 il 4
12800 cells @Q 4

g 15000

:
MP20 V4 W12: 10000 20 um
3x3 mmz 5000
Cell size =20 um ¥

0 200000 400000 600000 800000 1000000 1200000 1400000
22500 cells ¢ iconiag ) _
E. van der Kraaij, LCD ECAL meeting 2014
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Solution to the saturation: ver

ZECOTEK MAPD-3N i

—=v ] 5

Design of the novel MAPD device + ° _ 3},'\, 2

T— é é ;%qm 20r ——1 —e [ %:

The quenching resistors are 1717 ey £ §
formed in the epitaxial Si rather [T =Sk WT% — — & = § E
than on the surface of the device N-Silicon wafer 1001 o
-120 QE.

Avalanche region 140y 20 ) 0 0 100 S

time [ns] -&n’

S

:zgﬂuﬁl:‘ssfnr collection é‘

3 x3 mm? <

1350000 cells (15000/mm?)

gain = 10°

3 1200
N Source: Y. Musienko, CERN S 7 Sad | arXiv;1001.3050)
‘ ource: £. Saaygov et al, ariiv, - D
0 ad “AA
A‘ A 1000 |
A
L 5T ad A r "
> A A . 800 [
c A S
990 A Ay e
L A ©
£ A “ g 600
£ 15 f “A 5
2 A AA 2
c A AA‘ & a00 |
8 10 [ A‘AA B  Experiment
AAM Linear approximation
5 200 |
4
7 10%/pulse 11!
0 0 J ] ]

350 400 450 500 550 600 650
Wavelength, nm
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Number of incident photons, N



PAE  RadiationdamageionlSips | |

lonization damage can be caused by hadrons as well as X and y and can
produce different effects in the SiPMs

protons / neutrons

bulk damages caused by
lattice defects

s »increase of the dark current
— »change of the breakdown voltage
»change of the gain and PDE dependence as a function of bias voltage

‘ 4

y-rays, X-rays

creation of trapped

charges near the ¢ limitation of the low light detection capability
i-insulator interface % destruction of the device

DCR DCR
Trra— 14| Before irradiation £ 5 x 108 neq/cm?
§ Entries 99999 %
§ ?:”5.2" 604‘ E170
§ e 160
wh Before irradiation ' 50 \ l L
‘077 140
190 \\ ) \1 .
E 124} 120W WM WM
100 IISO 200 250 Ih300| 350 400 450 500 ‘220 200 400 500 BOD 1000 1200 1400 IBCID IBDO 2000 2200 ¢ ‘?m ‘4{’0‘ ﬁ(;() ‘ ‘GD()‘ ‘1[)\0(‘) 1‘?"0‘ 1406 “‘;00 ]‘ﬂn(‘)‘?q‘?{(‘geflig?
Maximum in event window ‘ N
T . [ewes E T | £
£ ol e 2 ot 5x10° neq/cm? g7 5 x 10° neq/cm?
£ 2180/ g
4 5 x 10° neg/cm? 170} ol | ' -
o 180/ ’ €
T il m /. :
l Hl -
+ l \‘ k 100 k 'H
s HIIIIHI ‘2°’“ W\N‘ | M
50 100 150 200 250 300 350 400 Ton, 50 e [V 5]00

0500 400 500 " 800 1000 1200 1400 1600 1800 2000 2200 0530400 600 500 1000 12001400 1800 1800 2000 2200
Time [ns] Time [ns)

UL RULEE D e pullt lsipmiseminar. Beiiine 2018

W. Baldini, TIPP 2014




BEFORE

TODAY

LED amplitude (normalized to 0 dose)

Resistance to neuttoitgdiaian | ||

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

1.2
L R BIL I T O T YRR ~
o SEHLI 3 L
08 5 et N ® no change of Vg; (within 50 mV accuracy)
o . ' % = significant increase of the DCR
NDL SPM, 0.25 mm'2, 2500 cels | | °| o 2 = SiPMs with high cell density and fast recovery
04 AMPPC, 1 mm*2, 4489 cells '. [e) . 2
* 1] wmMerc, 1 mm2, 2500 cells ’ £ time can operate up to 102 n/cm? (AG < 25%)
*MPPC, 1 mm*2, 1600 cells ¢ o
<
0.2 1 4 MPPC, 1 mm?2, 400 cells <
-
0
1E+10 1E+11 1E+12 1E+13
Neutron flux [n/cm?]
o ,-[.‘ . » HAMAMATSU devices
OE-08 SiPMs after ' m
3 15608 J — BEOEECCC
s S 1.0£-08 g oy
D ?} 5.0E-09 .
' <

f/

V-VB [V]

A.Heering, IEEE NSS 2016
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Reskisnce toneuttonifigdiafign | |

Can SiPM survive very high neutron fluences expected at high luminosity LHC?

FBK SiPM (1 mm?, 12 um cell pitch) was irradiated with 62 MeV protons up to 2.2*¥10n /cm? (1 MeV equivalent)

3.0¢-08 1E-02 = N
2.2E14 n/em*2 ‘ 2.2614 n/em*2 * Increase of Vg5: ~0.5V
— ® 2E11 n/em*2 ~ 1E-03 ® 2E11 n/ecm*2 . -~ .
5 23608 < * Drop of the amplitude (~2 times)
S, g 16 * Reduction of PDE (from 10% to 7.5 %)
S
Y 1.56-08 £ 1605 * Increase of the current (up to ~ 1 mA
- () a
2 x 1E-06 , * " at Av=1.5V)
E 7.56-09 5 |
< o 1E-07 l
0.0E+00 —* 1E-08
¢ 045 05 135 18 . vl s 1B 18 SiPM survived this dose of irradiation
V-VB [V] V-VB V] and can be used as photon detector!
A.Heering, NIM A824 (2016) 111
Irradiation by protons 800 MeV/c of dSiPM
2 « 100 n
= E 90 b
8 10° K} S
é § 80 (g
DPC3200-22-44 2
R S 10° L Q
\\’ 8 60 LLI\
\’*\"\ > 10° 50 c>)
s \\
10° 30 E
I x4 die. ; ; : (=]
Die = 1261100 colls (Geiger mode APDS) + e cel uenching. o 2 ]
+TDC (LSB=20ps) + 4 photon counters. sy cells can be disabled 1o i i Initial DCR 0 E
10° 10° 10" Dl(;e"p’/cmz 0 o o° o o T
’ ose, p*/cm?
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Normalized Id for new and irradiated SiPM

Relative DC vs. T after irradiation (~10*2 n/em?)

o 1 .
b HE SiPM (new and after 4E11 nfcm2)
£ ' 1 ..
-~ 'Y ‘...‘
- A : ! 3 ® Id(VB+3V)- new o ©®
= l x 4 FBK SIPM o, -
@ i TEK SiP -
<} e { ® KETEK SiPM = ! ®
- - x = Hamamatsu MPPC 8 °
S x CMS APD (M=200 =

1= \ =
g ® PIN $3590-08 (U=50 V) O g .
oA ! x o
H = o @
] Q
e 0 . °©

. R ® AV=3V
0 10 20 30 40 °
Temperature [°C] 0.1 a
. 0 5 10 15 20 25 30
Y.Musienko, NDIP14 Temperature [°C]

SiPM after 2.10'% n/cm? at reduced temperature

* Irradiated HE MPPC, Id reduction: ~1.9 times/10 °C
* Non-irradiated HE MPPC, Id reduction: ~2.4 times/10 °C

315 '
- e At -9.4 °C SiPM response recovers to that of non-irradiated
00t .--"".'... . SIPM
V-VB[V] J * From 24.9 °Cto -23.5 °C: ~21 times Id reduction

A.Heering, IEEE NSS 2016
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How to extend the lifetime of SiPM after irradiation?

12 T Raw l2"" Irradiation
~#-Recovered

15t Irradiation l/

SiPMs cooled to 5°C during the irradiation—>
reduction of the dark noise by a factor 3

8

Beam down period : SiPMs heated to ~40°C (post-
irradiation annealing ) = bring the noise down to a
residual level (in 24 h instead of 5 days at room
temperature)

Relative Increase of Dark Current
F. Barbosa, BNL 2011 conference

0 S 10 15 20 25 30 35

Neutron Fluence (10°n,/cm?)

Hot annealing at 160°C after an irradiation at 1012 n/cm? = DCR & single-photon detection performance
recovered

S
100 295K — =3 S
le-04 — <
= 1e05 Z -
£ 1e06 /l ,/ 3
SRR Y e s
S ets e LT 5
E ‘N
Z  le0d - P
Z 1e10 pefore & after 3
5 le11 annealing >
n low dose <
le-12
le-13 [~) high dose |— — - =—— 8
le.l: \aj reference — ~
- —rT b
-60 -65 -70 -15

reverse bias (volt)

reference After irradiation After annealling
Before annealling
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X-ray irradiation

& =
i A0

3.10° y
—J- 919 0 Gy g Hamamatsu S12572-015P
~ ~§- 919 200 Gy HAMAMATSU - N T
I -} 919 20 kGy N |
5.0 L 804 2 MGy . | 8 10° 7 !-:t'l kRad
] ~f-- 802 20 MGy é N j';ﬂ'x:}»w overy
E i : Z i 1 MRad Recowery
5 F oS ~ -
o ' 3 g S )
Q110 ‘ { 5 S — - Tz o
= - - X 100 )
© o o S S - o S
(] - o * V,, Q.
o g =) 10 Q
e T8 o =< L <
0 L L L N Q ) ) r'* . - f
M i 8 70 72 74 Q
~ 0.0 05 1.0 15 2.0 Sias Votans (1 S
A Excess Bias Voltage [V] 1as Voitage (V) a
S <
Q
N x10° 2
—_ ™y T T T L R 10° 1 %
G & - KETEK PM1125 1 1 4 S
£ & 1000 - W6 PM1126 - no ir. ] 10° g
< 8 « W6 PM1125 - 200 Gy i y S
§ 800 | W6 PM1125 - 3 kGy g :
o L ] S 102 4= - T
9 600 E - S AR
Q N ] ) / Initial
gE - o ] 10 After 1 MRad
— - — f tial
=~ 400 .o e ] 0 [ Ater 1 MRac
= N . . o ] —4 — initial
§ 200 | T . - : : ‘ Ater 1 MRad
& A A T 50 % &0 65 70 75
W 1 2 3 4 5 6 Bias Voltage (V)
AV[V]
= No significant change in Vg » Increased current below V,, may be due to

surface current.
» No short term recovery at room temperature.

®» |ncreased of the dark current

X and 0 produce comparatively lower damage than hadrons
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Low radio isoto

For rare event search experiment in low background noise, the photodetector is required to suppress
radio isotopic(RI) level from its constituent material as far as possible 2 new MPPC with cryogenically-
compatible ultralow RI-level packages

Package type : Ceramic (active area: 6 mm?)
Window : bare, quartz (for LXe), MgF,(for LAr)
Application : Direct detection of scintillation photons.
Spectral response range : 120 to 900nm

<y
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Unit:[mBg/unit] MPPC chip die bonding resin Pure Ceramic
Pa23am| <99 I et L

U-chain | Pb-214 <1.1 <6.8 <65

Bi-214 <1.7 <13 <105

Ac-228 <3.1 <6.4 <55

Thechain |-PP212 <0.74 <2.1 <35
Bi-212 <7.6 <89

TF208 <1.7 <5.6 <60

K-40 <4.7 <22 <220
Other Cs-137 <0.33 <2.3

Co-60 <0.27 <1.8 <15

HAMAMATSU, private communication




Large SiPMs (4 x4 nmi

Excelitas C30742-66

HAMAMATSU 510985 STMicroelectronics

ASD-SiPM4S \!/ Q
- KETEK PM6060

sensL C-series

Large areas, high gain, but very high DCR (up to 20 MHz @ room temperature)

Another way to obtain larger area = matrixes
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SiPM matrix: packaging|e mﬂi logy

* 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’ Discrete array: matrix tileable on almost all their sides but dead space between the channels of the
array

v" Development of monolithic SiPM matrices: all the channels are on the same substrate = small
dead spaces, simplification of the assembly but very difficult to produce

v" Development of discrete array with TSV : no dead spaces

Monolithic Discrete Array with TSV

Array
N

Discrete Array




Discret array with [T ‘mm.

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

Through Silicon Via Technology: each anode is connected 16x16 channels array
by the shortest distance possible to the substrate b )
"

with wire bonding (traces to with TSV ( No traces ) % [rssasemsnsta: §
the bonding pads) E
- s =] :.B;([)wee'lch‘ps ) <

[
l=x \

+ high precision assembly > Discrete Array like monolithic array ! ﬂ

S$12642-0808PA

Substrate Buinp Lall Active area

Chip

.
3x3mm?2 £ a0
5 T
30 Jf \‘“‘-
8x8 channels array - / kY
jf ™,
4 sides tileable configuration with very narrow gap between neighboring 15; ]
active areas (200 pum) equivalent to the gap in traditional monolithic type 125 | ™
g =
devices 0= '3:‘]" a0 50 600 700 _ 800 '9]I

wavelength [nm]

N. Otte, NDIP14

—n’!.. PUILL, SIPM Seminar, Beijing 2018



SiPMs matrixes exa S

HAMAMATSU Ketek

$13361-3050NE-08

PA3325-WB-0808

8x8 channels
1 channel= 3 x 3 mm?
3584 cells (50 x 50 um?) /channel

Sensl

8 x 8 channels
1 channel = 3x3 mm?
8x8 channels

) 15000 cells /channel (25 um)
: - 1 channel= 6 x 6 mm?
% 20 or 35 um

Philips Digital Photon Counting

8x8 channels 32m 32 mm

1 channel =3.9 x 3.2 mm?
6396 cells (59 x 32 um?) /channel
Electronics embedded

ArrayJ-60035

AdvansiD

ASD-RGBA4S-P-4x4TD

4x4 channels
1 channel = 3x3 mm? -
9340 cells (40 x 40 um?) /channel

DLS-6400-22-44 .
m
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SiPM applications in HEP and Astrophysics

* Calorimeters : CALICE AHCAL, CMS HCAL upgrade, GlueX, COMPASS II, PANDA,PEBS...

% Cherenkov detectors : IACT (FACT, MAGIC CTA, ASTRI), RICH (Belle II, ALICE), DIRC (PANDA),
JEM-EUSO, ...

#* Neutrino experiments :T2K, NEXT, GERDA, ...
#* Medical systems : PET, TOF-PET, PET-MRI, dose monitoring, radio-isotopic probes

¥ Others : nuclear waste storage, volcano studies, ....

some examples =2
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SiPMs for neutrino oscill mmz riment: T2K

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

ECAL g, TODS

HAMAMATSU MPPC
customized device

wi"kande 205km JAég,/ Magnet
< ey ©Tokai) yoke

Gifu Toky%@ KEX S Ic\:l)eillgsnet
[ = Ka akl
goteln] go0e¥a Vokdag DD s
ka
Far detector : Super Kamiokande
0 ESRI ~420.0 mi /6758 kr

1.3 x 1.3 mm?

Photodetector requirements:
667 cells (50 x 50 um?)

e insensitive to magnetic field Pi-zero Tracker

e coupling with a scintillator + WLS fiber (PDE > 20 % for green light) Deeomon

e DCR< 1 MHz

® compact s

T v AV=00V
pp ———— o o 4O o av=1av
= 3] |515 nm LED spec ] £140 —y AVE1SV. T=20C | @ Ll A& av=13v
W m 151 " v 13 N < o AV=15V
T 324 | e 200% = 1 ©120 4 ped G 350 4 AvV=17V
A 250°% @0 1 v a
28 . 3t
- 1 100 A

24 - A - 25

20 ‘. i 80 oL

16 A.. - 60 15+

u

121 . ] 40 1+

8 —

4 .. ] 207 03 e

02 04 08 08 10 12 14 18 18 20 : 2% :10 20 30 20 50

AV (V) Charge (adc ch.) Temperature (°C)

55996 MPPC tested : only 0,16 % rejected A Vacheret, arXiv:1101.1996
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Current tracking detectors downstream of the LHCb dipole magnet will be replaced by the
T Scintillating Fibre (SciFi) Tracker

Tracking stations The LHCb SciFi tracker key elements:

v" 11000 km fibres (#250 pm)

v 4096 SiPM multichannel arrays = 590k channels

v' Operation in radiation environment: 6x10'! n/cm? +

+ 100 Gy ionizing dose = Cooling system for operation of at
-40°C

32.54 x 1.625 mm?

Custom SiPM 128-channel array (Hamamatsu S13552-HRQ)
Channel: 0.250 x 1.625 mm? with 104 pixels
Assembled on a flexible PCB which is pre-shaped to fit in the cooling system

Direct x-talk prob. After-pulse prob.
. * o 1
8 af 2| —o— H2016_HRQ A H2016_HRQ [ w10
Y ek —— H2015 —— H2015 s e
"3 - H2014 T -
b Jy 5 H2014 1012 g E o
E “ [ -
355 sk 102 /
3B
E ot 6/ .
34:— / &: - % T r L i P s ]
N ! A 4 10 < av=3.5v |
E g F s )
30— A I & F / . -
28F ol O o 3
i: T e G 7 A
B . I Ll 1 | T B ; %8 £ 4‘7 - 1 i i i
70 75 3 0 il : 5 z i : . 5 5 . £ & 4 050 40 30 20 10 0 0 -a0

3 ,
Overvoltage AV[V] Overvoltage AV[V]

@ AV= 3.5V peak PDE = 44% - cross-talk~3 % - after-pulse=0.1% - DCR after a dose of 6x10*neq/cm? = 14.3MHz at
-40°C and is reduced a factor 2 every 10°C

Sources: A. Kuonen et al, TIPP2017; O. Girard, IEEE NSS 2017
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Upgrade Phase 1 : HB & HE upgrade

Photodetector requirements (in replacement of the HPD):

» 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%)

Extensive studies of a large number of SiPM :
HAMAMATSU, ZECOTEK, FBK, CPTA, ST-Micro, Sensl, NDL, KETEK

- 20 000 large area SiPMs from HAMAMATSU (2 different areas)

54
52; “e g0 -.,: P AN ' LN .t AR
50}'.'”: ...... ) ‘;.:;!....,j...'.....!....,‘.‘a..“.\,...-.‘.;'..!..u......' ........ N Upgrade Phase 2 : High Granularity
E tow L. ’ __ CMS Preiminary 2017 i o
O ' < o7t . Calorimeter to replace the existing endcap
= E 06 | calorimeters
T sal- et 3 mm SiPMs (16 channels)
© - . 5 055 S\opc( 910.02) x 102 pA / bt )
aof- . s e " e Sk e
e g e e ol E oaf o CMS HGCAL
401~ . * o ! E «°
38)— - ' = 03: ‘y/
. o E i
36— 2 02F > /‘/" -
C ] | Ll ] | (0] r A 2.8 mm SiPMs (168 channels)
0 10 20 30 40 50 60 70 80 90 o E » Slope: (1.95 = 0.01) x 102 pA / fb!
SiPM ID i 0.1: Prs
> *./‘,»“"“H“H‘IH"H‘
measured gain values for the 50 fC setting <9 5 10 i 20 25
(blue) and 40 fC setting (red) for all SiPMs Integrated luminosity [fo]
Dark current Increases with
integrated luminosity R
Scintillating tiles with SiPM readout (500000
channels) in low-radiation regions of the HCAL
Sources : S. Chatrchyan et al, 2017 JINST 12 P12034; CMS DP -2017/042
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Photodetector requirements:

New generation of industrial SiPMs: drastically
improved over the past years

ANRNENENENEN

Physics prototype Technological prototype
2006 - 2011 =

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

‘Surface mounted SIPMs & tiles
- with MPPC SiPMs 2700 px

Dramatically reduced dark rate and increased photon detection efficiency
Better signal-to-noise ratio, allows simpler tile design

After-pulses and inter-pixel cross-talk largely reduced

Noise rate decreases quickly with threshold, much more stable operation
Excellent uniformity (operating voltage, gain) = simplified calibration
High over-voltage operation - reduced temperature sensitivity

gain @ vbr_mean+5

70— H_gain

| Entries 619

I'J Mean 2276
_ |RMS 05745

24000 MPPC delivered - | 06=2.6%
Beam test enin 2018

=
T

B N T “..anL'Jhﬁlgzu ARIRIT ”]ﬁlm...u Ly

13 19

Gainfa.u.]

Sources : F. Seskov, CHEF201
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Dark Rate [kHz|

High granularity hadronic calorimeter optimised for the Particle Flow measurement of multi-iets final s

10°

,,,,,,,,,,,,,,,,,,

" «0ld” SiPM: ~500 kHz dark rate
: ~20% cross talk

~20 kHz dark rate

o ~0.1% cross talk

4 MPPC_S10362
mm”nn. Lisy
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Particle
sssssss

The CTA Consortium is developing the new generation of

ground observatories for the detection of ultra-high energy y
rays (100 TeV)

pSCT Telescope

40 x 40 pm? cell SiL

¢ 1600 NUV-HD devices from FBK
e active area : 0.03 x 6.03 mm?
*PDE > 50 % for NUV light

o fill factor > 80 %

= 1296 hexagonal SiPMs (95 mm 2) from HAMAMATSU

»Entrance window made of borofloat with AR coating (cut at
540nm).

=\Water cooling on the aluminium backplate.

=Bias voltage adjusted automatically by a slow control board to
compensate for temperature variations.

Showers generated by very high-energy gamma-rays (between a few TeV
and 300 TeV) observed in the SST-2M ASTRI camera (May 2017) and the \
SST-1M (August 2017)
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Conclusion
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PEF Advantagesand drawbackspf SPMs |

. ‘ g

-
e’

*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

*High photon detection efficiency (50 % in blue, | * Small devices

SiPM > 10 % for VUV) * Few geometrical configurations

* Large dynamic range (up to 10000 cells/mm?) | available

* DCR ~ 30 kHz/mm?

*Radiation tolerance up to 1014 n/cm?
*Mechanically robust

* A lot of R&D and different producers
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Documentary sources

V. PUILL, SIPM seminar, Beijing 2018
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Lectures and Revues :

= Summer School INFIERI 2013, Oxford: Intelligent PMTs versus SiPMs, Véronique Puill
= |EEE NSS 2016: Solid State Photo-Detector, Gianmaria Collazuol
= |EEE NSS 2016: Recent Progress in Silicon Photomultipliers, 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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