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Si l icon PhotoMul t ipl iers (SiPM):
int roductory seminar

I I  Seminario Nazionale Rivelatori  Innovat ivi
Trieste, 18-22/10/2010
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A. Starodubtsev, E. Val lazza

(INFN – Trieste)
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• Silicon Photomultipliers: principles of operation

• Important parameters in a SiPM

• Electrical model of a SiPM

• Some examples of applications 

• Laboratory measurement 1: I-V characterization of SiPMs 
and single-cell APDs and precise gain measurement

• Laboratory measurement 2 : dark count measurements on 
SiPMs and single-cell APDs

• Laboratory measurement 3: application of large area (16 
mm2) SiPMs to the read-out of a scintillator pad equipped 
with wls fibers

Out l ine:
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SiPM: principle of operat ion - 1



18 ottobre 2010 II SNRI - Trieste Valter Bonvicini 4

Studied in detail in the ’60 to model micro-plasma instabilities
[ R.J. McIntrye, JAP vol.32, n.6 1961;   R. Haitz, JAP vol.35, n.5 1964 ]

OFF condi tion:
switch open, capacitance charged to VBIAS,
no current flowing

P01 = turn-on probabi l i ty
probability that a carrier traversing the 
high-field region triggers the avalanche

ON condi tion

The GM-APD (passive quenched) can be modeled with an
electrical circuit and two probabilities.

CD

RS

VBD

RQ
VBIASVD

DIODE

RQ = quenching resistance
RS = series resistance (emulates 

the avalanche spreading)
CD = diode capacitance
VBD = breakdown voltage
VBIAS = bias voltage

SiPM: principle of operat ion - 2
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SiPM: principle of operat ion - 3

CD

RS

VBD

RQ
VBIAS

IINT
ID

VD

DIODE ON condi tion:
avalanche triggered, switch closed
⇒ the capacitance discharges to VBD with 

a time constant RS·CD, at the same time 
the diode current grows to (VBIAS-VBD)/RQ

P10 = turn-off  probabi l i ty
probability that the number of carriers
traversing the high-field region fluctuates
to zero.

OFF condi tion:
switch open
⇒ diode capacitance recharghes from VBD 

to VBIAS w ith a time constant RQ·CD

Ready for new detectiont

ID

t0 t2

t

vD

vBD

(VBIAS-VBD)/ RQ

t1
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SiPM: principle of operat ion - 4
• M atrix of  N micro-cel ls (“ pixels” ) in paral lel , connected to a common output node
• Each micro-cel l : GM -APD + Rquenching
• V.M . Golovin and A. Sadygov (Russian patents 1996-2002)

One pixel 
fired

Two pixels fired
Three pixels
fired

Current (a.u.)

Time (a.u.)

A single GM -APD gives no information about l ight intensi ty ⇒ in a SiPM  the 
output charge is proportional  to the number of  triggered cel ls, that is (for PDE = 1) 
the number of  photons

Key parameters in a SiPM : Gain, Noise, Photo-detection ef f iciency, Dynamic range, Time resolution

RQRQRQ
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Important  parameters in a SiPM

t

i
charge col lected per event is the area of  the exponential  
decay which is determined by ci rcui t elements and bias

exp(-t/τQ)

~(VBIAS-VBD)/RQ

GAIN

G = number of  carriers produced per photon absorbed

GAIN = 
( ) ( )

q
CVV

qR
VV

q
I DBDBIASQ

Q

BDBIASQ
MAX

⋅−
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−
=⋅

ττ

1) Primary dark count ⇒ current pulses triggered by non-photogenerated carriers
(main source of  dark carriers: thermal  generation in the depleted region)

2) Af terpulsing ⇒ secondary current pulse caused by a carrier trapped during the primary avalanche
and released af ter a certain time

3) Optical  cross-talk ⇒ exci tation of  neighboring cel ls due to photon emission during avalanche discharge

PDE = Npulses / Nphotons = QE · P01· FF

NOISE

PDE
• QE = device quantum eff iciency
• P01 = triggering probabi l i ty
• FF = Fi l l  Factor (geometric ef f iciency)
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• M ain advantages
• Low bias vol tage (~ 50V)
• Insensi tivi ty to magnetic f ields
• Compact and robust
• Low cost
• Simple readout

• Drawbacks
• Performance degradation af ter radiation damage
• Temperature-dependent dark  noise
• Sensi tivi ty of  V BD and gain wi th T

• (Some) Producers:
• Obni tsk /CPTA (Russia) N.B.: M RS resistors
• JINR (Russia) N.B.: M RS resistors
• M EPHI/PULSAR (Russia)
• Hamamatsu (Japan)
• Zecotek (U.S.A./Singapore)
• Novel  Device Laboratory (China)
• SensL (I reland)
• FBK-i rst (I taly)

SiPM: comparison wi th PMTs
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1x1 mm2 2x2 mm2 3x3 mm2 4x4 mm2

FBK-i rst  SiPMs - 1

Fi l l  factor (geometrical  eff iciency): 40x40 µm2 ⇒ ~ 40%
50x50 µm2 ⇒ ~ 50%
100x100 µm2 ⇒ ~ 76%

Geometries:
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FBK-i rst  SiPMs - 2
Geometries:

Ci rcular: Ø 1.2 mm
Ø 2.8 mm

M atrices: 4x4 elements of  1x1 mm2 SiPM s

Linear arrays: 8, 16, 32 elements
of  1x0.25 mm2 SiPM s
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Elect rical  model  of a  SiPM

(F. Corsi  et al ., Nuclear Instruments and M ethods in Physics Research A 572 (2007) 416–418)

Iav: signal  current
Cd: single diode capaci tance
Rq: quenching resistance
Cq: parasi tic capaci tance associated wi th Rq
Cg: grid and substrate parasi tics
Rs: input impedance of  the f ront-end electronics

Fi ring microcel l Paral lel  of  the other microcel ls
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Some pictures of single cel ls and SiPMs
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Laboratory set -up n. 1
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Laboratory set -up n. 1
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- Functional i ty of  the device
- Breakdown vol tage VBD
- Dark count estimate

N.B.: The post-breakdown
current can be roughly
modeled as I  = q·DC·Gain

Laboratory set -up n. 1

• I -V measurements on single-cel l  APDs and SiPM s (Hamamatsu and FBK)
(Kei thley 6487 Picoammeter/Vol tage source acqui red via GPIB wi th a
LabView program)

• Precise measurement of  the gain on single-cel ls APDs wi th a CSA
(Amptek A250 CSA + Digi tal  Shaper)
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Laboratory set -up n. 2
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Laboratory set -up n. 2

• Dark count vs Overvol tage measurements wi th large bandwidth DSO
(LeCroy WavePro 960 2 GHz, 16 Gs/s  and Agi lent 90604 6 GHz, 20 Gs/s)

IRST_E1, Dark Count
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Laboratory set -up n. 3
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Laboratory set -up n. 3
• Appl ication of  large area (4x4 mm2, 6400 microcel ls) FBK SiPM s to the
read-out of  wls f ibers coupled to a plastic scinti l lator

• Fast f ront-end electronics for the SiPms read-out

• Use of  a complete f ront-end + DAQ chain

• Signals f rom cosmic rays and γ sources (60Co and 137Cs)
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PCB dimensions 4 cm x 3 cm Bandwidth f rom DC to 700 M Hz, gain 16.3 dB

Designed and real ized at “ El . and Det. 
Lab”  of  INFN Trieste 

Laboratory set -up n. 3
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Spare sl ides
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n+ pShallow-Junction SiPM

1) Substrate: p-type epitaxial
2) Very thin (~ 0.1 µm) n+ layer 
3) Polysilicon quenching resistance
4) Anti-reflective coating optimized for λ ~ 420nm
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FBK-i rst  technology
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DUT placed in a cl imatic chamber
(wi th humidi ty control ).
Ampl i f ier located outside the cabinet,
connection via a special  18 GHz f t
50-Ω cable.
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Appl icat ion 1: read-out  of large ext ruded
scint i l lators for muon detectors tai l -catchers - 1

INFN FACTOR Experiment

1 cm  
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Appl icat ion 2: read-out  of prototype
“ Shashl ik”  calorimeters

INFN FACTOR Experiment

• 70 ti les of  scinti l lator 12x12 cm2, 4 mm thick and 69 ti les of  lead (1.5 mm thick), 19 X0

• 144 1.2 mm WLS f ibers for the readout grouped in 36 bundles of  4

• Read-out w i th 36 large area (16 mm2, 6400 microcel ls) SiPM s by FBK-i rst

• Test beams foreseen in October 2010

• Each SiPM  wi l l  be equipped wi th a f ront-end/driving ampl i f ier (Ampl i  2)
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I rradiat ion tests of  SiPMs - 1
The radiation resistance of  SiPM s is crucial  in view of  thei r appl ication in “ real ”
experimental  condi tions (especial ly in harsh radiation envi ronments l ike LHC and
SLHC).

FACTOR started a systematic measurement campaign in order to study
the resistance to radiation effects of  SiPM s produced by di f ferent manufacturers

Objective: to study both surface and bulk  damage in the devices

Types of  radiation used: X-rays (up to 50 keV) and neutrons

Faci l i ties used: 
• X-rays: INFN National  Laboratories of  Legnaro (LNL), X-ray tube (W target),
Vmax = 50 kV, dose rate measured wi th cal ibrated Si  p-i -n diodes

• Neutrons: Nuclear Reactor of  the Insti tute Josef  Stefan of  Ljubl jana (Slo), max power ~
250 kW, very high f luence achievable

M easurement strategy: I -V characterization, dark  count and gain before and
af ter i rradiations, anneal ing studies
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24 devices f rom FBK-i rst, Photonique (CPTA) and Hamamatsu i rradiated so far
• X-rays: 50, 100, 150, 300 and 500 krad
• neutrons: 4.8·1010 and 1011 n cm-2

Data analysis and study of  the anneal ing effects are currently going on

Further i rradiations are foreseen in the next months on single microcel ls

I rradiat ion tests of  SiPMs - 2

FBK-i rs ci rcular SiPM
1.2 mm diam, 688 pixels
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Appl icat ion of SiPMs to ext ruded scint i l lators
for tai l  catchers - 2

Preparazione di  barre di  scinti l latori  estrusi  di  diversa lunghezza da 1 a 3 
m) per i  test su fascio di  pioni  (120 GeV/c) al  FNAL.

M isura del la lunghezza di  attenuazione del le barre di  scinti l latori
estrusi  equipaggiati  con f ibre WLS e SiPM .

Prototipo a 4 canal i  di  scheda di  ampl i f icazione/acquisizione
usata nei  test su fascio a FNAL. Ogni  canale (accoppiato in
A/C con i l  SiPM ) contiene ampl i f icatore, ADC a 12 bi t con un
campionamento di  210 M SPS, memoria per 8K punti  e
usci ta USB. Dotata anche di  generatore di  tensione di  bias
f ino a 100 V con control lo del l ’offset e moni tor di  corrente
per ogni  canale.
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Appl icat ion 1: read-out  of large ext ruded
scint i l lators for muon detectors tai l -catchers - 2

Old measurements wi th same type of  
scinti l lators and wls f ibers wi th PM Ts 
IEEE TRANSACTIONS ON 
NUCLEAR SCIENCE, VOL. 49, NO. 3, 
JUNE 2002

Please note the scale here

This was done wi th cosmic ray 
muons.
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Appl icat ion 1: read-out  of large ext ruded
scint i l lators for muon detectors tai l -catchers - 3

The FAR end 
7m f rom beam

Pedestal
+ dark  
counts

Runs  5045 and 5046   2/20/2010

The NEAR end 
~10cm f rom beam

4

2

6

9

12 16
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0.5         1.5       2.5       3.5         4.5        5.5        6.5       7.5
Dist. From SiPM(m)

PRELIMINARY !!

Appl icat ion 1: read-out  of large ext ruded
scint i l lators for muon detectors tai l -catchers - 4
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Appl icat ion 2: read-out  of prototype
“ Shashl ik”  calorimeters - 1

• M anufactured at INFN - Trieste

• 41 ti les of  scinti l lator 8x8 cm2 and 40 ti les of  lead 
(both 3.27 mm thick) for a total  of  24 X0

• 64 0.8mm WLS f ibers (Kuraray Y-11) for the readout  
grouped in bundles of  4

• Ci rcular (Ø 1.2 mm) SiPM s by FBK-i rst

• Tested at the CERN PS T10 and SPS H4 beaml ines

• No f ront-end/ampl i fying electronics used for the 
SiPM s!!!

The “ prototype 0”  Shashl ik calorimeter
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Appl icat ion 2: read-out  of prototype
“ Shashl ik”  calorimeters - 2

Low energy resul ts: CERN PS T10 beaml ine, negative particles 0.5 – 6 GeV/c

Lineari ty obtained wi th the SiPM s biased
wi th 1, 1.5 and 2 µA

Energy resolution obtained wi th the SiPM s
biased wi th 1, 1.5 and 2 µA

SIMULATION SiPM (1 µA) SiPM (1.5 µA) SiPM (2 µA)

Stochastic 12% 16.4% 15.6% 14.6%

Constant ~ 10-5 % ~ 10-6 % ~ 10-6 % 3.6%
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Appl icat ion 2: read-out  of prototype
“ Shashl ik”  calorimeters - 3

High energy resul ts: CERN SPS H4 beaml ine, photons up to 120 GeV

Production of  high energy photons 
radiated by electrons and posi trons 
channeled in bent crystals
S1 –S2 plastic scinti l lators for trigger
SD1-SD3: SSD telescope
BM : 3.59 T/m separation magnet
He bag: for mul tiple scattering red.
BC1-BC2: si l icon beam chambers 
Two calorimeters: the Shashl ik  under 
test to detect the photons, the second to 
be used in the trigger to identi fy 
posi trons

DUT
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Appl icat ion 2: read-out  of prototype
“ Shashl ik”  calorimeters - 4

High energy resul ts: CERN SPS H4 beaml ine, photons up to 120 GeV

• Lineari ty good up to ~ 10 GeV, clear effect of  saturation at higher energies
• Expected given the low (688) number of  microcel ls in the smal l  SiPM s used
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High energy resul ts: CERN SPS H4 beaml ine, photons up to 120 GeV

Appl icat ion 2: read-out  of prototype
“ Shashl ik”  calorimeters - 5

• 3x3  mm2 mounted on simple PCBs

• Number of  pixels: 3600

• Pixel  area: 50x50 μm2

• Very good l ineari ty up to 60 GeV

• Some saturation at 120 GeV

• Work sti l l  in progress

Shashl ik calo (prototype 0) read-out
By 3 mm x 3 mm SiPMs (3600 pixels)
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37

HYPERimage SiPM geometry
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38

Solut ion for Scint i l lator/Crystal  coupl ing

epoxy (120µm)

Si

bonding pad

epoxy
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Epoxy layer propert ies

39
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40

32.7mm
32.7mm • Fi l l  factor ~ 84% 

(not including SiPM FF)
• Flat surface for crystal  
mounting

Technology developed
by FBK-irst

500µm

The large-area SiPM t i le
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41

The stack

Mounting and 
measurements
at Uni. Heidelberg 
and Philips 

SiPM tile

ASIC tile

First preliminary tests: 
- Pixellated crystal with ~4x4x22mm3 pixel size on top
- optical coupling not optimized: ~50% light goes to
neighboring  pixels:

 Energy resolution ~16% 
 Coincidence res. time  ~670ps

Interface tile

The stack works. 
Intrinsic performance is much better than
values below:
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SiPMs used in the test  beams

• Circular Ø 1.2 mm mounted on TO18

• Breakdown vol tage: ~ 31V

• Overvol tage range: ~ 5V

• Number of  pixels: 688

• Pixel  area: 40x40 μm2

• Gain: ~ 106

• 3x3  mm2 mounted on simple PCBs

• Breakdown vol tage: ~ 31V

• Overvol tage range: ~ 5V

• Number of  pixels: 3600

• Pixel  area: 50x50 μm2

• Gain: ~ 106



18 ottobre 2010 II SNRI - Trieste Valter Bonvicini 43

Experimental  resul ts at  CERN PS T10:
9 mm2 SiPMs (1)

• 3x3 mm2 SiPM s and scinti l lator bars

• Number of  cel ls of  SiPM : 3600

• Detector: 1 scinti l lating bar (1.5x1.9x22 cm3)

• Readout by 3 1.2 mm WLS f ibers by Bicron

• No f ront-end/driving electronics used!!!
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Simulat ions of a VLSI  CMOS ul t ra-fast
ampl i fier for a SiPM-TOF in space

• Ultra-low input impedance design
• Common-gate input ampl i f ier

in 0.35 µm AM S CM OS;
• SiPM  model  of  a 4x4 mm2 large area

FBK device (Cdet > 200 pF);
• Signals correspond to 10, 20, 30, 40

and 50 microcel ls hi t;
• Rise time (10-90%) is 300 ps and

bandwi th (-3 dB) is 1.15 GHz wi th
input load > 200 pF!
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