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The Standard: Photomultiplier Tubes (PMTs)
Setting the Scene

Photomultiplier Tubes at Daya Bay



Photon Detection

Purpose	 : 	Convert light into a detectable electronic signal   
Principle	 : 	Use photo-electric effect to convert photons to   
	 	 photo-electrons (p.e.)                 

Requirement	: 	  !
High Photon Detection Efficiency (PDE) 
	 i.e. 	high quantum efficiency [Q.E. = Np.e./Nphotons]     
	 	 low surface reflection, …

Available devices [Examples]: 	  !
	 Photomultipliers [PMT]     
	 Micro Channel Plates [MCP]     
	 Photo Diodes [PD]    

  	      !
Hybrid Photo Diodes [HPD]  
Visible Light Photon Counters [VLPC] 
Silicon Photomultipliers [SiPM] 



Photomultipliers

Principle:
Electron emission  
from photo cathode
Secondary emission  
from dynodes; dynode gain: 3-50 [f(E)]

Typical PMT Gain: > 106

[PMT can see single photons ...]

PMT 
Collection



UB

Photomultipliers – Dynode Chain

Electrons accelerated toward dynode 
Further electrons produced ➛ avalanche !
Secondary emission coefficient:  
	 δ = #(e– produced)/#(e– incoming)

Multiplication process:

δ = kUD; G = (kUD)n
dG/G = n dUD/UD = n dUB/UB

Typical:  	δ = 2 – 10 
	       	n = 8 – 15	 	 ➛ G = δn = 106 – 108

Gain fluctuation:

Dynodes

Electron
Anode

Voltage divider



Photomultipliers – Photocathode

γ-conversion  
via photo effect ...

3-step process:
Electron generation via ionization   
Propagation through cathode 
Escape of electron into vacuum

Electron

Photon

entrance window

photo 
cathode

PDE ≈ 10-30%
[need specifically developed alloys]

Bialkali: SbRbCs; SbK2Cs



Photomultipliers – Dynode Chain

Venetian 
blind

Box and 
grid

Linear  
focused

Circular  
focused

Optimization of

PMT gain 
Anode isolation 
Linearity 
Transit time 
!
B-field dependence

PM’s are in general  
very sensitive to B-fields ! !
Even to earth field (30-60 μT).  
μ-metal shielding required.



Micro Channel Plate

"2D Photomultiplier"
Gain: 5⋅104 

Fast signal [time spread ~ 50 ps] 
B-Field tolerant [up to 0.1T]

But: limited life time/rate capability



From pn-Junctions to Silicon Photomultipliers
Solid State PDs
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Basic Semiconductor Properties

Intrinsic semiconductor:
Very pure material; charge carriers are created by thermal, optical or other 
excitations of electron-hole pairs; Nelectrons = Nholes holds ... !
Commonly used: Silicon (Si) or Germanium (Ge); four valence electrons ...

Doped or extrinsic semiconductor:
Majority of charge carriers provided by donors (impurities; doping) !
n-type	: majority carriers are electrons (pentavalent dopants) 
p-type	: majority carriers are positive holes (trivalent dopants) 
!
Pentavalent dopants (electron donors): P, As, Sb, ...  
[5th electron only weakly bound; easily excited into conduction band] !
Trivalent dopants (electron acceptors): Al, B, Ga, In, ... 
[One unsaturated binding; easily excepts valence electron leaving hole]



Basic Semiconductor Properties

2.1 Solid State Photodetectors

intermediate energy states between the valence and conduction band. This intermediate states
can also be occupied by electrons with an energy lower than the band gap.

Doped Semiconductors

In the production of the semiconductor crystal a small level of impurities is unavoidable. Impur-
ities can also be implanted on purpose in a process called “doping” in order to achieve certain
properties of the semiconducting material. When an atom with five possible covalent bonds
(e.g. arsenic) is added to a lattice of atoms with four bonds (e.g. silicon), the fifth electron is
only weakly bound and can easily be excited into the conduction band. In other words, this so-
called “donator” atoms introduce an energy state close to the conduction band (see figure 2.2).
Such a material is referred to as n-doped. Substituting a silicon atom by a trivalent atom (e.g.
boron) energy states close to the valence band are produced. One of the four covalent bonds
is only occupied by one electron instead of two. This “acceptor” states can trap an electron
which generates a free hole. This is called p-type doping.
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Figure 2.2: Schematic view of the energy bands of doped semiconductors. In n-doped material the
energy gap between the donator states and the conduction band is small (⇡ 0.05 eV). At room temper-
ature the thermal energy of the electrons exceeds this gap energy and the donator states will therefore
be completely depopulated yielding free electrons in the conduction band. In p-doped material electrons
from the valence band can easily be excited to the acceptor states leaving free holes in the valence band.

If the density of electrons in the conduction band is increased by n-doping, the hole density in
the valence band is significantly reduced due to recombination. The conductivity of a doped
semiconductor is therefore determined by the carriers introduced by the doping.

2.1.1 Photodiodes

The photodiode is the most basic solid state photodetector. It is based on a junction of p-
doped and n-doped material. At the boundary there is a strong gradient of the charge carrier
concentration which causes the electrons to di↵use to the p-side and holes to the n-side where
they recombine. As a consequence, a layer with almost no free charge carriers called “depletion
region” is formed at the interface (see figure 2.3a). The remaining space charge from the doped
atoms generates an electric field which forces a current opposite to the di↵usion current. An
equilibrium is reached when the two currents compensate.
If an electron-hole pair is produced by photon absorption in the depletion region the electric field
from the space charge causes the electron and the hole to rapidly drift towards the cathode and
anode, respectively (see figure 2.3b). As a consequence, a current proportional to the photon
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The pn-Junction

Equilibration process:

Electrons diffuse from n- to p-type 
semiconductor and recombine ...
Holes diffuse from p- to n-type 
semiconductor and recombine ...

Resulting electric field counteracts 
and stops diffusion process ...

At the boundary concentration 
of mobile carriers is depleted ... 
[depletion layer]

[source: Demtröder]
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The pn-Junction
[picture source: Wikipedia]



The pn-Junction – Photo Detection Principle
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The pn-Junction – Photo Detection Principle
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The pn-Junction – Photo Detection Principle
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The pn-Junction – Photo Detection Principle
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The pn-Junction – Photo Detection Principle

photo diode 
[gain = 1]

Avalanche PD  
[linear mode]

SiPM 
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Chapter 2 Silicon Photomultipliers

Figure 2.7: Avalanche multiplication process for the linear operation mode illustrated in a space time
diagram. A primary electron (black) can create secondary electron-hole pairs in the multiplication layer.
For moderate bias voltages the ionization coe�cient for holes (red) is to low to produce further electron-
hole pairs. Hence, the avalanche only propagates in one direction and is limited by the length of the
high field region [20].

Figure 2.8: Avalanche process for Geiger mode operation. If the bias voltage exceeds the breakdown
voltage both electrons and holes contribute to the avalanche process. In this case the avalanche extends
to the whole high field region, leading to an exponentially growing current which has to be quenched
[20].
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Impact Ionization of Electrons and Holes …
2.1 Solid State Photodetectors

Figure 2.6: Impact ionization coe�cient ↵ for electrons and holes for di↵erent semiconductors as a
function of the electrical field [19]

achieved with a n-doped guard-ring around the n+ layer which reduces the doping gradient at
the edges.
The impact ionization coe�cient ↵ which is given in units of inverse length describes the number
of secondary charge carriers produced by a electron or hole while traveling one unit length.
Figure 2.6 shows the impact ionization coe�cient for several semiconductors as a function of
the electric field. This parameter is in general di↵erent for electrons and holes resulting in two
di↵erent operation modes depending on the applied reverse bias voltage which determines the
electrical field in the multiplication region.

Linear Mode

In case of silicon, electrons dominate the charge multiplication process for moderate bias
voltages due to the larger impact ionization coe�cient. If an electron-hole pair is produced
in the p-doped region the electron drifts towards the cathode (positive polarity). In the high
field region around the n+-p junction the electron gains enough energy to create secondary
electron-hole pairs and thus trigger an electron avalanche. In this way a charge multiplication
factor of 102 - 103 can be reached. The produced holes drift to the anode (negative polarity)
without causing further ionization in the multiplication region because of the small impact ion-
ization coe�cient. The avalanche consequently propagates only in the direction of the electrons
and the charge amplification ends once all electrons have left the multiplication region. The
avalanche multiplication process is illustrated in figure 2.7. This mode of operation is called
”linear mode” since the measured current is proportional to the number of incident photons:

I

APD

= G · I

�

where I

�

is the incident photon current and G is the gain of the device.
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Empirical electric  
field dependence …

[Kwok K. Ng, Complete Guide to Semiconductor Devices]



Silicon PhotomultiplierSilicon Photomultiplier: Geiger Mode

• Pixels operated in Geiger mode 

(non-linear response)
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Chapter 2 Light Detectors

the device is covered with an anti-reflecting SIO2 layer for protection purposes. Aluminium
tracks on the surface connect all pixels to the common bias voltage.

ICFA Instrumentation Bulletin
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Figure 2: SiPM pulse height spectra.

Figure 2.13: Left: Schematic view of the SiPM topology: A few micrometer thick layer of p�-doped
material on the low resistive substrate serves as a drift region (see also right side of the picture). An
electron generated in this region will subsequently drift into the region between the n+ and the p+

layer where the electrical field is high enough for avalanche breakdown. The guard rings reduce the
electrical field in order to avoid unwanted avalanche breakdown close to the surface where accidental
impurity levels are higher. Right: Diagram of the electric field profile in a SiPM [17].

2.3.1 Gain and Single Pixel Response

Since every microcell of the SiPM is operated above the breakdown-voltage, high gain in the
range of typically 105 � 106 can be obtained which is comparable to the value obtained with
a vacuum PMT. The behaviour of a SiPM pixel can be explained by a circuit model which is
shown in the following figure: • AULL, LOOMIS, YOUNG, HEINRICHS, FELTON, DANIELS, AND LANDERS

Geiger-Mode Avalanche Photodiodes for Three-Dimensional Imaging
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plished by two types of circuit: passive quenching and
active quenching. In a passive-quenching circuit, the
APD is charged up to some bias above breakdown
and then left open circuited. Once the APD has
turned on, it discharges its own capacitance until it is
no longer above the breakdown voltage, at which
point the avalanche dies out. An active-quenching
circuit senses when the APD starts to self-discharge,
and then quickly discharges it to below breakdown
with a shunting switch. After sufficient time to
quench the avalanche, it then recharges the APD
quickly by using a switch.

Figure 5(a) shows the simple passive-quenching
circuit and Figure 5(b) shows the same circuit with a
first-order circuit model inserted to describe the APD
behavior during discharge. The model assumes that
once the APD has turned on and reached its resis-
tance-limited current, the ensuing self-discharge is
slow enough that the APD will behave quasi-stati-
cally, following its DC current-voltage characteristic
as it discharges down to breakdown. The correspond-
ing model is a voltage source equal to the breakdown
voltage in series with the internal resistance R of the
APD. The model predicts exponential decay of the

current to zero and voltage to the breakdown with a
time constant RC [8].

Once the avalanche has been quenched, the APD
can be recharged through a switch transistor. Another
scheme is to connect the APD to a power supply
through a large series resistor Rs that functions as a
virtual open circuit (Rs >> R) on the time scale of the
discharge, and then recharges the APD with a slow
time constant RsC. This circuit has the benefit of sim-
plicity, and the APD fires and recharges with no
supervision.

In ladar applications, where the APD detects only
once per frame, the slow recharge time, typically mi-
croseconds, imposes no penalty. There is also interest,
however, in using the Geiger-mode APD to count
photons to measure optical flux at low light levels.
With passive quenching, the count rate will saturate
at low optical fluxes because many photons will arrive
when the APD is partially or fully discharged, and
therefore unresponsive. With a fast active-quenching
circuit, the APD can be reset after each detection on a
time scale as short as nanoseconds, enabling it to
function as a photon-counting device at much higher
optical intensities.

Geiger-Mode APD Performance Parameters

In linear mode the multiplication gain of the APD
has statistical variation that leads to excess noise. In
Geiger mode the concept of multiplication noise does
not apply. A Geiger-mode avalanche can, by chance,
die out in its earliest stages. If it does, no detectable
electrical pulse is observed and the photon that initi-
ated the avalanche goes undetected. If the avalanche
progresses to completion, however, the total number
of electron-hole pairs produced is fixed by the exter-
nal circuit, not by the statistics of the impact-ioniza-
tion process. In the simple passive-quenching case,
for example, the avalanche has no further opportu-
nity to die out until the APD has discharged from its
initial bias down to the breakdown voltage. This dis-
charge fixes the amplitude of the voltage pulse and,
therefore, the total amount of charge collected in the
process, typically >107 electron-hole pairs per detec-
tion event.

The user of a Geiger-mode APD is concerned not
with multiplication noise, but with detection probabil-

FIGURE 5. Passive-quenching circuits. (a) In Geiger mode,
the APD is charged up to some bias above the breakdown
voltage V and then left open circuited. (b) Subsequently,
once an avalanche has been initiated, the APD behaves ac-
cording to a simple circuit model.

Bias > Vbreakdown

Vbreakdown

+
–

Bias

C

R

(b)(a)

Figure 2.14: Passive-quenching circuits: Left: The APD is charged up to some voltage Ubias > Ubreak

and left open. Right: During breakdown the APD behaves like a simple circuit model: A voltage
source in series with a resistor and and a capacitor [25].

One has to separate between two possible states of the pixel. The left side shows the pixel

24

Doping Structure of SiPM [1]

Pixelized photo diodes  
operated in Geiger Mode !
Single pixel works as a binary device  !
Energy = #photons seen by 
summing over all pixels

Principle:

Granularity	 :	 103 pixels/mm2 
Gain	 	 	 : 	 106 
Bias Voltage	 :	 < 100 V 
Efficiency	 	 :	 ca. 30 % 
!
Insensitive to magnetic fields! 
Works at room temperature ...

Features:

Avalanche  
region

Drift  
region

Chapter 3 Photodetection

able to penetrate several micrometers into the silicon before it is absorbed. Electrons, created
in the drift region, move upwards into the high field region where avalanche breakdown occurs.
Guard rings are implemented at the pixel boundaries in order to avoid large electric fields at
the edges which would result in undesired electrical breakdown.

If a charged particle hits a SiPM detector, it will most probably traverse only the few micron
thick depleted region of a single pixel. Even if the primary ionisation process yields a huge
number of electron-hole pairs, the resulting signal will be equivalent to the signal of a single
photon. For this reason, practically no nuclear counter e⌅ect is observed with SiPM detect-
ors. SiPMs are therefore well suited for the application in calorimeters in high energy physics
experiments.

Figure 3.9 – Magnified view of the individual SiPM pixels (Hamamatsu S10362-025C). For a
better visualisation, the aluminium connectors and the quenching resistor made of polysilicon are
indicated by coloured lines. Only the specified pixel area is sensitive to incoming light.
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Figure 2: SiPM pulse height spectra.

Figure 3.10 – Typical topology of a SiPM pixel. The strong electric field, necessary for the
impact ionisation of electrons and holes is only present in a thin layer at the junction between
the n+ and p+ doped silicon. At the pixel borders, n� doped guard rings are created in order
to avoid avalanche breakdown in this region. The p� doped silicon forms a drift region which
increases the sensitivity for red light and reduces the pixel capacitance. The figure has been taken
from Ref. [62].

68

[P. Buzhan et al., ICFA Inst. Bull. 23 (2001) 28]
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• Pixels operated in Geiger mode 
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Chapter 2 Light Detectors

the device is covered with an anti-reflecting SIO2 layer for protection purposes. Aluminium
tracks on the surface connect all pixels to the common bias voltage.
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Figure 2.13: Left: Schematic view of the SiPM topology: A few micrometer thick layer of p�-doped
material on the low resistive substrate serves as a drift region (see also right side of the picture). An
electron generated in this region will subsequently drift into the region between the n+ and the p+

layer where the electrical field is high enough for avalanche breakdown. The guard rings reduce the
electrical field in order to avoid unwanted avalanche breakdown close to the surface where accidental
impurity levels are higher. Right: Diagram of the electric field profile in a SiPM [17].
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range of typically 105 � 106 can be obtained which is comparable to the value obtained with
a vacuum PMT. The behaviour of a SiPM pixel can be explained by a circuit model which is
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plished by two types of circuit: passive quenching and
active quenching. In a passive-quenching circuit, the
APD is charged up to some bias above breakdown
and then left open circuited. Once the APD has
turned on, it discharges its own capacitance until it is
no longer above the breakdown voltage, at which
point the avalanche dies out. An active-quenching
circuit senses when the APD starts to self-discharge,
and then quickly discharges it to below breakdown
with a shunting switch. After sufficient time to
quench the avalanche, it then recharges the APD
quickly by using a switch.

Figure 5(a) shows the simple passive-quenching
circuit and Figure 5(b) shows the same circuit with a
first-order circuit model inserted to describe the APD
behavior during discharge. The model assumes that
once the APD has turned on and reached its resis-
tance-limited current, the ensuing self-discharge is
slow enough that the APD will behave quasi-stati-
cally, following its DC current-voltage characteristic
as it discharges down to breakdown. The correspond-
ing model is a voltage source equal to the breakdown
voltage in series with the internal resistance R of the
APD. The model predicts exponential decay of the

current to zero and voltage to the breakdown with a
time constant RC [8].

Once the avalanche has been quenched, the APD
can be recharged through a switch transistor. Another
scheme is to connect the APD to a power supply
through a large series resistor Rs that functions as a
virtual open circuit (Rs >> R) on the time scale of the
discharge, and then recharges the APD with a slow
time constant RsC. This circuit has the benefit of sim-
plicity, and the APD fires and recharges with no
supervision.

In ladar applications, where the APD detects only
once per frame, the slow recharge time, typically mi-
croseconds, imposes no penalty. There is also interest,
however, in using the Geiger-mode APD to count
photons to measure optical flux at low light levels.
With passive quenching, the count rate will saturate
at low optical fluxes because many photons will arrive
when the APD is partially or fully discharged, and
therefore unresponsive. With a fast active-quenching
circuit, the APD can be reset after each detection on a
time scale as short as nanoseconds, enabling it to
function as a photon-counting device at much higher
optical intensities.

Geiger-Mode APD Performance Parameters

In linear mode the multiplication gain of the APD
has statistical variation that leads to excess noise. In
Geiger mode the concept of multiplication noise does
not apply. A Geiger-mode avalanche can, by chance,
die out in its earliest stages. If it does, no detectable
electrical pulse is observed and the photon that initi-
ated the avalanche goes undetected. If the avalanche
progresses to completion, however, the total number
of electron-hole pairs produced is fixed by the exter-
nal circuit, not by the statistics of the impact-ioniza-
tion process. In the simple passive-quenching case,
for example, the avalanche has no further opportu-
nity to die out until the APD has discharged from its
initial bias down to the breakdown voltage. This dis-
charge fixes the amplitude of the voltage pulse and,
therefore, the total amount of charge collected in the
process, typically >107 electron-hole pairs per detec-
tion event.

The user of a Geiger-mode APD is concerned not
with multiplication noise, but with detection probabil-

FIGURE 5. Passive-quenching circuits. (a) In Geiger mode,
the APD is charged up to some bias above the breakdown
voltage V and then left open circuited. (b) Subsequently,
once an avalanche has been initiated, the APD behaves ac-
cording to a simple circuit model.

Bias > Vbreakdown

Vbreakdown

+
–

Bias

C

R

(b)(a)

Figure 2.14: Passive-quenching circuits: Left: The APD is charged up to some voltage Ubias > Ubreak

and left open. Right: During breakdown the APD behaves like a simple circuit model: A voltage
source in series with a resistor and and a capacitor [25].

One has to separate between two possible states of the pixel. The left side shows the pixel
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Doping Structure of SiPM [1]
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Silicon Photomultiplier

HAMAMATSU  
MPPC 400Pixels

One of the first SiPM  
[FBK, Trento, Italy]



SiPM – Single Photon Spectrum

Chapter 4 Determination of SiPM Characteristics

Figure 4.4 – Experimental setup for the SiPM gain determination. The centrepiece is a charge
to digital converter (QDC) which integrates the incoming SiPM pulse over a time interval which
is defined by the width of the gate signal.
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Figure 4.5 – Typical single photoelectron spectrum recorded with the experimental setup
(S10362-11-025C). The first peak (0 pe) corresponds to the integrated charge when no pixel
is firing. The second peak corresponds to one firing pixels and so on. The individual peaks are
well separated which indicates the good photon counting capabilities of a SiPM.
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Silicon Photomultiplier

10-50 μm

Silicon 
Resistor

Aluminum 
Conductor

SPAD

SiPM: array of SPADs connected in parallel … 
[SPAD: single pixel avalanche diode]

n pixels

Quench

Resistor

Geiger 

APD

Ubias > Ubreak

[400 pixel SiPM device; Hamamatsu]



Silicon Photomultiplier

10-50 μm

Silicon 
Resistor

Aluminum 
Conductor

SPAD

SiPM:  
!
Array of SPADs connected in parallel …  
One quenching resistor per SPAD  
[from 100kΩ to several MΩ] 
Common bias applied to SPADs … 
[10-20% over breakdown voltage] 
SPADs fire independently … 
!
Output:  
Sum of signals by individual cells … !
i.e: for small light pulses (Nγ ≪ Npixels)  
SiPMs work as analog photon counters … 

n pixels

Quench

Resistor

Geiger 

APD

Ubias > Ubreak



SiPM – Quenching Process

Ubias

Cu
rre

nt
γ

Quenching

Discharge 
[Avalanche]

(Re-) Charge

Ubr

A

Point A: !
SiPM biased at Ubias > Ubr … 
[UR = 0, UD = Ubias] 
As long as no charge carrier is present in the high  
electric field region, no current flowing … B

C

Chapter 3 Photodetection

to implement this mechanism into every individual pixel. Active quenching is for example
applied in case of the recently developed digital SiPMs from Philips [59].

• In the case of passive quenching, a large resistor (Rq) is placed in series to the photodiode
as shown on the left side of Figure 3.7. On the right side of the figure, a schematic current-
voltage digram of the quenching process is shown. In the first stage, the device is biased a
few volts above the breakdown voltage (point A). As long as no charge carrier is present in
the high electric field region, no current is flowing through the diode. Hence, the voltage
drop at the series resistance, UR, equals zero and the diode voltage, UD, equals the full
reverse bias voltage which is applied. The situation changes when avalanche breakdown
is initiated by absorption of a photon, or thermal induced creation of a charge carrier.
The internal diode capacitance starts to discharge which causes a rising current flowing
through the device (point B). The rising current induces a voltage drop at the quenching
resistor Rq, thus, the voltage across the diode UD starts to decrease until it reaches the
breakdown voltage Ubreak where the avalanche process is stopped (point C). Once the
avalanche is quenched, the internal device capacitance is recharged and the diode return
into the initial state, ready to detect further photons.

The first prototype devices of avalanche photodiodes operated in Geiger mode have already
been developed in the 1960’s by Haitz and McIntyre [60, 61]. These devices facilitated the
detection of single photons due to the high gain values. However, one of the drawbacks was
the strong limitation on the photosensitive area, necessary to avoid a continuous breakdown of
the device caused by thermally induced charge carriers. Several years later the first devices,
denoted single photon avalanche diode (SPAD), were commercially available. Passive quenching
was used to stop the avalanche breakdown which resulted in relatively small achievable photon
count rates below 100 kHz [58]. A general drawback of these devices is the lacking ability to
detect more than one photons arriving at the sensor simultaneously; i.e. no information about
the light intensity can be retrieved. The signal has always the same amplitude, no matter how
many photons have been detected. The logical consequence of the strictly limited dynamical
range of SPADs was the development of the silicon photomultiplier.

Figure 3.7 – On the left side, a passive quenching circuit consisting of a photodiode operated
in Geiger mode and a large resistor in series. The right side shows a schematic description of the
passive quenching mechanism.
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Point B: !
Avalanche breakdown … 
[initiated by photon, thermal noise …] 
[UR = I·Rq; UD = Ubias - UR] 
Internal diode capacitance starts to discharge,  
the rising current flowing through the device  
induces voltage drop at voltage drop at Rq …

Point C: !
Avalanche quenched …  
[UD = Ubr ➛ UD = Ubias] 
Recharge of  internal device capacitance … 
Return to initial state …

[source: A. Tadday]



2.2 The Silicon Photomultiplier
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Figure 2.13: Typical SiPM signal with only one firing pixel (recorded with a HAMAMATSU S10362-
11-100C amplified by a factor 50). The trailing edge can be described by equation 2.4 (red curve)

detect several photons simultaneously the SiPM consists of an array of typically 100 to 1600
pixels per square millimeter. The pixels are connected to a common load so that the resulting
output signal Q

Signal

is the sum of the individual pixel signals Q

pixel

:

Q

Signal

= N

fire

· Q

pixel

where N

fire

is the number of fired pixels.
For low photon fluxes the probability that a pixel is hit by more than one photon at the same
time is small. In this case the response of the sensor is in good approximation linear. If the
number of photons is of the order of the number of pixels, the response of the SiPM saturates
due to the recovery time of the pixels. The dynamic range of a SiPM hence is limited by the
number of pixels. Considering the probability for a fixed number of incident photons N

�

to hit
a certain number of pixels, the response N

fire

(number of pixels fired) can be described by the
following formula [26]:

N

fire

= N

total

· (1� e

�PDE·N
�

N

total ) (2.7)

where N

total

is the total number of pixels and PDE denotes to the photon detection e�ciency.
The relation is illustrated in figure 2.14.

Photon Detection E�ciency

The photon detection e�ciency (PDE) is usually defined as the probability to detect a photon
hitting the sensor and is a measure of the sensitivity of the device. In the case of the SiPM it
depends on several parameters and can be expressed by the following equation:

PDE = QE · ✏

geo

· ✏

avalanche

· (1�R) (2.8)

A certain fraction of the incident photons are reflected at the surface of the sensor and hence
cannot be detected. The factor (1�R) describes the probability for a photon to permeate the
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SiPM – Typical Signal Shape
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SiPM – Single Photon Spectrum
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SiPM – Single Photon Spectrum

Chapter 4 Determination of SiPM Characteristics

Figure 4.4 – Experimental setup for the SiPM gain determination. The centrepiece is a charge
to digital converter (QDC) which integrates the incoming SiPM pulse over a time interval which
is defined by the width of the gate signal.

Entries  61380
Mean    66.72
RMS     24.79

Charge [QDC-Channels]
0 20 40 60 80 100 120 140 160 180

Ev
en

ts

0

500

1000

1500

2000

2500

3000 Entries  61380
Mean    66.72
RMS     24.79

0 pe

1 pe
2 pe

3 pe

4 pe

5 pe

Figure 4.5 – Typical single photoelectron spectrum recorded with the experimental setup
(S10362-11-025C). The first peak (0 pe) corresponds to the integrated charge when no pixel
is firing. The second peak corresponds to one firing pixels and so on. The individual peaks are
well separated which indicates the good photon counting capabilities of a SiPM.
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SiPM – Electrical Model

SiPM

[source: W. Shen]

Cpxl	 	 Pixel capacitance 
Cq	 	 Parasitic capacitance 
Cd	 	 Capacitance of inactive pixels  
Cs	 	 Stray capacitance  
Rq	 	 Quench resistor 
Rd	 	 Space charge resistance



Philips – Digital SiPMs

Application benefits
��6HQVLWLYLW\
     - Low dark count level
��6SHHG
     - Excellent timing resolution
��5REXVWQHVV
     - Against electromagnetic interference
     - Low sensitivity to temperature variations
��'DUN�FRXQW�UHGXFWLRQ�GXH�WR�WKH
   possibility of disabling individual cells

For system manufacturers
��,QWHJUDWHG�HOHFWURQLFV�VLPSOLILHV�V\VWHP
   integration (fully digital interface)
��/RZHU�V\VWHP�FRVW
��/RZ�SRZHU�FRQVXPSWLRQ
��6FDODELOLW\�RI�WKH�GHWHFWRU�DUHD
��&XVWRPL]HG�GHWHFWRU�DQG�PRGXODU�GHVLJQ

Digital Silicon Photomultiplier

How it works
Working principle of a digital silicon photomultiplier

Partnership
As one of the underlying principles behind
its policy of open innovation, Philips
welcomes development partners with
application expertise to fully exploit the
market potential of its new digital silicon
photomultiplier technology.

Figure 1a: One array comprises 
              16 dies (8x8 pixels)

Figure 2: First photon hits the sensor, integrated photon counter 
increases to 001 and integrated timer measures arrival time of first 
photon per die.

Figure 4: The chip has measured the 3 photons that have hit the  
sensor during the desired length of the detection process.

Figure 1b: One die comprises 
               4 pixels

Figure 3: Second photon hits the sensor, the integrated photon
counter increases to 002.

Figure 5: At the end of the detection process, the values of the 
integrated photon counter and timer can be read out via a digital 
interface.

Figure 1c: One pixel Figure 1d: Photo of a die
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SiPM Developers & Products

MEPhI/Pulsar (Moscow) - Dolgoshein  
CPTA (Moscow) - Golovin  
Zecotek (Singapore) - Sadygov  
Amplification Technologies (Orlando, USA)  
Hamamatsu Photonics (Hamamatsu, Japan)  
SensL (Cork, Ireland) 
AdvanSiD (former FBK-irst Trento, Italy)  
STMicroelectronics (Italy)  
KETEK (Munich)  
RMD (Boston, USA)  
ExcelitasTechnologies (former PerkinElmer)  
MPI Semiconductor Laboratory (Munich)  
Novel Device Laboratory (Beijing, China)  
Philips (Netherlands) 
.... 

Philips 
CMSO dSiPM

NDL

STM

AdvanSiD

Hamamatsu 
MPPC

Amplification  
Technologies

MPI HLL

RMD 
CMSO SiPM

NanoFab

KeTeK

Excelitas

Zecotek

SensL

Note: 
Every producer uses its own name … 

MRS APD, MAPD, SiPM, SSPM,  
MPPC, SPM, DAPD, PPD, SiMPl , dSiPM … 

[source: Collazuol]



Dark Count Rates, After Pulsing, PDE …
SiPM Features



Summary of Properties

Pros: 
!
	 High gain 
	 Compactness 
	 Insensitive to magnetic fields 
	 Low operation voltage 

Cons: 
!
	 Limited dynamical range 
	 Cross-talk, after-pulsing 
	 High dark-rate 
	 Temperature sensitivity

!
!
	 	 [  105 to 107 
	 	 [  1 to 3 mm2 
	      [   up to few T 
	 	 [  30 - 70 V 

!
!
	      [  Npxl = O(1000) 
	      [  1-10% 
	      [  0.1 to few MHz  
	      [  20-50 mV/K



Gain and Single Pixel Charge

Single pixel charge:
Qpxl 	= Cpxl · (Ubias - Ubr)   
	 = Cpxl · Uover

SiPM Output:  
[for low Npe …]

Qout 	= Npe · Qpxl

Chapter 4 Determination of SiPM Characteristics

Figure 4.4 – Experimental setup for the SiPM gain determination. The centrepiece is a charge
to digital converter (QDC) which integrates the incoming SiPM pulse over a time interval which
is defined by the width of the gate signal.
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Figure 4.5 – Typical single photoelectron spectrum recorded with the experimental setup
(S10362-11-025C). The first peak (0 pe) corresponds to the integrated charge when no pixel
is firing. The second peak corresponds to one firing pixels and so on. The individual peaks are
well separated which indicates the good photon counting capabilities of a SiPM.
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0 pe

Gain 
[Typical: G ~ 105 - 107]

SiPM Gain:  
[for low x-talk; after-pulsing …]

Every pixel works as digital device …

G 	 = Qpxl/Qe     
 

G 	 ~ Uover   i.e

1 pe



Gain and Single Pixel Charge

But …
7

CERN, SiPM workshop, 16.02.2011 Y. Musienko (Iouri.Musienko@cern.ch) 12

Gain and Single Pixel Charge

For linear device a measured output charge : 
Qoutput=Npe*Gain

For SiPM Gain=Q1 only for small V-VB Æ
more than 1 pixel is fired by one primary 
photoelectron!

Gain=Q1*np , 
where np is average number of pixels fired by one 
primary photoelectron. There are 2 reasons for 
this: 
- optical cross-talk between pixels
- after-pulsing (one pixel can be fired more than 1 
time during light flash)

Each pixel works as a digital device – several photons hitting the same cell (and at the 
same time) produce the same signal Q1=Cpixel*(V-Vb) (or Single Pixel Charge).

(Y. Musienko, NDIP-05, Beaune)
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G 	 = Qpxl/Qe·np    

Modification 
for large Ubias …

[np: #pixels fired one primary p.e. …]

Reasons: 
	 Optical cross-talk …     
	 After-pulsing …    

[source: Y. Musienko, FNAL]



Pixel-to-Pixel Uniformity

CERN, SiPM workshop, 16.02.2011 Y. Musienko (Iouri.Musienko@cern.ch) 11

Pixel-to-pixel uniformity

Green-red light sensitive APD, low amplitude 
light signals, U=43V, T=-28 C
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SiPMs have very good pixel-to-pixel signal uniformity (uniform VB). Pedestal is well 
separated from the signal produced by single fired pixel Q1=Cpixel*(V-Vb) .
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Photon Detection Efficiency

PDE = εgeo · QE(λ,T) · εtrig(λ,U,T)

to a reference measurement and only the relative shape of the
measured curves is used.

For the measurement of the relative sensitivity it is not
important that the total amount of light exiting the integrating
sphere hits the SiPM. To make use of the full dynamical range by
illuminating the entire active area, a slightly wider aperture with
a diameter of 0.8 mm is used. Correspondingly, the power ratio

R0.8 (defined in the same way as R0.6 in Section 2.1) needs to be
determined in order to correct for the different light intensities
entering the SiPM at Port 1 and the reference photodiode at Port 2.

As R0.6 is observed to be wavelength dependent (cf. Table 1),
the power ratio R0.8 has to be measured as a function of
wavelength as well. The measurement is done by placing a
calibrated sensor at each of the two ports of the integrating
sphere; R0.8 is then given by the ratio of the detected light
outputs. The errors are estimated taking the calibration uncer-
tainties and measurement fluctuations into account; for the latter
the measurements are repeated several times. The results are
shown in Fig. 6. As for R0.6 (cf. Table 1) the variation of the power
ratio is in the order of 10% caused by the wavelength dependent
reflection properties of the metal surface of the aperture.

In order to guarantee a linear response of the SiPM the light
intensities are kept low avoiding the non-linear range of these
sensors. The relative spectral sensitivity was calculated using

S¼
ISiPM " R0:8=ðqe " GÞ

Popt=ðh " nÞ
ð4Þ

where ISiPM represents the measured SiPM output current, G the
gain of the SiPM and qe the elementary charge.

2.4. Results of the PDE measurement

The PDE measurements for four different types of SiPM sensors
are shown in Figs. 7–10. The diagrams on the left show the photon
detection efficiency as a function of the applied over voltage. The
range of Uover was chosen such that PDE measurements are only
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Fig. 6. Power ratio R0.8 for an aperture of diameter +0:8 mm at Port 2 as a
function of the wavelength.
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Fig. 7. (Left) Photon detection efficiency of the HAMAMATSU S10362-11-025C as a function of the over voltage for different wavelength of light. (Right) PDE as a function
of the wavelength at an over voltage of Uover¼(4.3 70.05) V at room temperature ð2571:5 3CÞ.
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Fig. 8. (Left) Photon detection efficiency of the HAMAMATSU S10362-11-050C as a function of the over voltage for different wavelength of light. (Right) PDE as a function
of the wavelength at an over voltage of Uover¼(2.15 70.05) V at room temperature ð2571:5 3CÞ.

P. Eckert et al. / Nuclear Instruments and Methods in Physics Research A 620 (2010) 217–226220
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to a reference measurement and only the relative shape of the
measured curves is used.

For the measurement of the relative sensitivity it is not
important that the total amount of light exiting the integrating
sphere hits the SiPM. To make use of the full dynamical range by
illuminating the entire active area, a slightly wider aperture with
a diameter of 0.8 mm is used. Correspondingly, the power ratio

R0.8 (defined in the same way as R0.6 in Section 2.1) needs to be
determined in order to correct for the different light intensities
entering the SiPM at Port 1 and the reference photodiode at Port 2.

As R0.6 is observed to be wavelength dependent (cf. Table 1),
the power ratio R0.8 has to be measured as a function of
wavelength as well. The measurement is done by placing a
calibrated sensor at each of the two ports of the integrating
sphere; R0.8 is then given by the ratio of the detected light
outputs. The errors are estimated taking the calibration uncer-
tainties and measurement fluctuations into account; for the latter
the measurements are repeated several times. The results are
shown in Fig. 6. As for R0.6 (cf. Table 1) the variation of the power
ratio is in the order of 10% caused by the wavelength dependent
reflection properties of the metal surface of the aperture.

In order to guarantee a linear response of the SiPM the light
intensities are kept low avoiding the non-linear range of these
sensors. The relative spectral sensitivity was calculated using

S¼
ISiPM " R0:8=ðqe " GÞ

Popt=ðh " nÞ
ð4Þ

where ISiPM represents the measured SiPM output current, G the
gain of the SiPM and qe the elementary charge.

2.4. Results of the PDE measurement

The PDE measurements for four different types of SiPM sensors
are shown in Figs. 7–10. The diagrams on the left show the photon
detection efficiency as a function of the applied over voltage. The
range of Uover was chosen such that PDE measurements are only
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Fig. 6. Power ratio R0.8 for an aperture of diameter +0:8 mm at Port 2 as a
function of the wavelength.
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Chapter 4 Determination of SiPM Characteristics

the highest geometrical e⌥ciency (S10362-11-100C) has as expected the largest PDE. However,
a small pixel density also has the consequence of a reduced dynamical range. Application of such
‘PDE-optimised’ devices is hence limited to experimental areas where exclusively weak light
signals have to be measured, which is for example the case in some astrophysical experiments.
The limited dynamical range makes these devices, however, unsuitable for calorimetric applic-
ations where the large scintillator signals present for example in the core of an electromagnetic
cascade, as well as the weak signals from single minimum ionising particles have to be measured
with high precision. In order to avoid the deterioration of energy resolution which arises due
to the non-linear response, hence SiPMs with a high pixel density (npixel > 1000/mm2) are
required for calorimetry.
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Figure 4.22 – Photon detection e⌥ciency as a function of the wavelength for a variety of SiPM
devices. The SiPMs have been operated at the highest over-voltage where a stable SiPM operation
and hence a precise absolute PDE determination with the statistical method is still possible. For
a better visualisation, the error bars are not drawn (cf. Figures 4.25 – 4.30).
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Geometrical or Fill Factor

Non-sensitive zones between cells  
reduce Photon Detection Efficiency … 
Silicon resistors and aluminum conductors are not  
photon-sensitive and hence reduce the active area …

Typical: εgeo = 60-80% 
[for 50-100 μm cell pitch]

Pulsar SiPM 
42 μm pitch

MPPC 
100 μm pixels

SensL 
35 μm pixels

Smaller pixel size yields small εgeo … 
[Tradeoff between dynamic range and PDE …]

Improved εgeo  
using MQR technique … 
[Metal quench resistors …] 
!
[Hamamatsu, IEEE 2013]

 

The reliability and reproducibility of MPPC 
K. Sato, R. Yamada, Y. Takahashi, T. Nagano, and K. Yamamoto 

Abstract– Multi-Pixel Photon Counter (MPPC) is solid-state 
photon counting device consisting of a Geiger-mode APD and 
quenching resistor at the most basic level. To improve the total fill 
factor of a MPPC array, we have adopted new technologies such 
as metal quenching resistors (MQR), through-silicon vias (TSV), 
stealth dicing (SD), and highly accurate assembly techniques. We 
have confirmed the reliability of these new technologies. The 
innovative technologies that make up the new MPPC will expand 
the realm of potential applications. 

I. INTRODUCTION 

PPC is part of a family of multi-pixel, self-quenching 
Geiger-mode avalanche photodiodes [1], generally 

referred to as Silicon Photomultipliers (SiPM) [2,3]. The 
MPPC is a photon counting capable detector with high gain, 
low bias voltage required for operation, compact size, and is 
immune to damage by shock and vibration as well as magnetic 
fields. Positron Emission Tomography (PET) and High-energy 
physics (HEP) experiments are examples of typical 
applications that benefit from these features [4,5]. In 
applications that require a large photodetection area, the 
geometric fill factor within the entire MPPC array becomes 
especially important.  

We have developed new MPPC arrays with higher total fill 
factor by adopting four innovative technologies: metal 
quenching resistors (MQR), thorough-silicon vias (TSV), 
stealth dicing (SD), and highly accurate assembly techniques. 

II. METAL QUENCHING RESISTOR 
In the newly developed line of MPPCs, MQRs are used 

instead of poly-Si for quenching. MQR has a high 
transmittance which allows for it to be put directly on the 
photosensitive surface to achieve a higher fill factor without 
reducing the sensitivity of the MPPC (see fig. 1).  Also, the use 
of MQR improves resistance uniformity. It is difficult to 
maintain uniformity when using poly-Si as a resistor because 
of its variations in grain size and grain boundary states. 
However there are some concerns regarding MQR [6].  It may 
be more susceptible to thermal stress, and the resistance value 
may change through oxidation. In order to make sure of the 
reliability of the MQR, we put it through thermal cycling and 
continuous operation tests at high temperature and humidity. 

Thermal cycling between -20 C and 70 C was carried out 
63 times for 41 MPPC samples which have 400 resistors in 
each device. We indicate this reliability as Mean Time to 
Failure (MTTF). By means of this test, MTTF is calculated 
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over 4.5  103 cycles between -20 C and 60 C by the Coffin-
Manson model at a 60 % confidence level (Coffin-Manson 
exponent: m = 4) [7]. The continuous operation test was done 
at 60 C and 90 % relative humidity (RH) for 38 MPPCs. With 
this test, MTTF is calculated at over 1.5  104 days under 25 
C and 60 % RH by the vapor pressure accelerating model at 

60 % confidence level (accelerating factor: n = 2) [8]. We 
confirmed that there are no instances of disconnection by 
thermal stress or change of resistance in these tested MPPCs. 
The use of MQR is reliable under normal operating conditions. 
 

III. THROUGH-SILICON VIA 

Adopting TSV technology allows the MPPC to make an 
electrical contact on the backside, eliminating the space 
needed for wire bonding. This makes it possible to realize a 4 
side buttable configuration with very narrow gap between 
neighboring active areas. This gap can be reduced down to 200 

m, which is equivalent to the gap in traditional monolithic 
type devices. 

 

TSVTSV

 

 

M 
Fig. 1.  SEM images of a MPPC which has 25 m micro-cell pitches. 

The left figure is a conventional MPPC while the right figure shows the 
newly developed MPPC.  Whereas the quenching resistor of conventional 
MPPC is placed around the photosensitive area, MQR is placed on the 
photosensitive area. 

Fig. 2.  The cross section view of the TSV structure. The non-sensitive 
region is about 0.4% of the active area in the case of 3mm x 3mm devices. 
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Quantum Efficiency

QE = P0 · (1 − R) · (1 – e-αx)

Normalization

Reflectance

Absorption

2.3 Performance of Silicon Photomultipliers

always quite close to the top surface, coupling via reflection o↵ the top is quite impossible. However,

degradations might arise from the fact that the photons leaving the detector can possibly be reflected

on another flat surface, for example, an adjacent scintillator. Measurements with and without a mirror

in front of the detector surface have been performed [80]. They reveal a prominent increase in the

crosstalk rate, which indicates that the top surface crosstalk might become dominant in some special

applications.

2.3.6 Photon Detection E�ciency (PDE)

The overall photon detection e�ciency for a photon sensor is determined by three parameters as

given in equation 2.22 below (which is the same as equation 1.1). They are the geometrical filling factor

✏gm, the internal pixel quantum e�ciency QE and the triggering probability Ptr:

PDE = ✏gm ·QE · Ptr (2.22)

The geometrical filling factor describes the ratio of the e↵ective active detection area with respect

to the whole detector surface. Since the pixel quantum e�ciency QE and the triggering probability Ptr

can be designed to be close to unity, ✏gm becomes the most important parameter for device optimiza-

tion. The filling factor is normally around 25%� 70% depending on the pixel and pitch layout scheme.

Dead area consumption results from the pixel-wise passive quench elements and the bias voltage metal

conductance as well as optical trenches or guard ring structures for premature edge breakdown preven-

tion. Crosstalk-blocking optical trenches inherently prevent premature edge breakdown but with a size

much smaller than the di↵usion guard rings so that they are quite ideal to increase the filling factor.

As already mentioned in section 2.1 SiPMs from HLL Müchen are good examples for an improved PDE

due to an enhanced filling factor achieved by a hexagonal pixel shape and a back illuminated entrance

window (see Figure 2.30).

Figure 2.30: Hexagon shape of SiPMI [81] Figure 2.31: Quarter � ARC

The quantum e�ciency describs the probability that a photon can be converted to an electron-hole

pair. This parameter is wave-length dependent. For the quantum e�ciency, two factors are important,

one is the transmittance of the entrance window, the other is the internal pixel quantum e�ciency.

The entrance transmittance can be enhanced by using an anti-reflective coating (ARC) layer of quarter

wave-length thickness above the silicon layer as shown in Figure 2.31. Such a reflective coating has been
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Fig. 2.32: Absorbtion coe�cient vs. � energy [56] Fig. 2.33: PDE measurements for 3 SiPMs [3]

used by Saveliev for CPTA/Photonique SiPM prototypes [82]. A thin layer of �/4 SiO
2

is grooved on

top of the Si layer; since SiO
2

is also transparent to UV light, a PDE enhancement for this wavelength

region can be observed.

The quantum e�ciency can be expressed as [19]

QE(x) = P
0

(1�R)exp(�↵x) (2.23)

where ↵ is the so-called absorption coe�cient, P
0

is a normalization factor and R the reflectance of

the entrance window at normal incidence; note that ↵ is wavelength dependent. Figure 2.32 shows the

measured absorption coe�cient for silicon with incident photon energies from 1 to 10eV . For higher

photon energies one clearly observes a higher absorbtion coe�cient, thus the photon-electron generation

tends to happen closer to the detector surface. For example, for � = 400nm, 90% of the photons will

be absorbed within the first 400nm.

The generated electron-hole pairs still su↵er from carrier recombination before they drift or di↵use

into the avalanche zone. However, only the fully-depleted junction is e↵ective in photon induced pair

production because in the undepleted region the carriers have a larger probability to recombine. In a

n+-p-⇡-p+ structure, light with long wavelength produces carriers beyond the ⇡ region and thus su↵ers

Fig. 2.34: Triggering probability inside SiPM [22] Fig. 2.35: Profile of a Buried Junction SiPM [22]

28

ARC 
[anti-reflective coating]

Absorption 
Coefficient !
[vs. γ-energy]

[source: W. Shen]



CERN, SiPM workshop, 16.02.2011 Y. Musienko (Iouri.Musienko@cern.ch) 15

Breakdown initiation probability

Because of the higher  ionization coefficient, the electron triggering probability 
is always higher than that for holes

Ionization coefficients  for 
electrons and holes in silicon
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Breakdown initiation probability

Because of the higher  ionization coefficient, the electron triggering probability 
is always higher than that for holes

Ionization coefficients  for 
electrons and holes in silicon

Avalanche 
Triggering Probability 

Depends on: 
 

Ionization coefficient 
[differs for electron and holes] !
α: electrons 
β: holes
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Chapter 3 Photodetection

by a factor of two for each decrease of the temperature by 8⌅C, as shown for example in [65].
The field-assisted charge carrier generation (cf. Figure 3.14, right) is only possible in the

presence of a strong electric field. In this case, the electrons can tunnel through the band gap.
The probability for this process can only be reduced if the electric field, and thus the bias
voltage is reduced. This however, also causes a reduction of the gain and the PDE.

Typical values of the dark-rate are in the range of several hundreds of kHz up to several MHz
per square millimetre of active SiPM area.

Figure 3.13 – Doping profiles of the upper SiPM layers of an ‘n-on-p’ and one ‘p-on-n’ device.
Electrons created by photon absorption in the p-layer have the highest probability to induce
avalanche multiplication.

Figure 3.14 – Visualisation of the two main processes responsible for the creation of electron-hole
pairs without photon interaction. On the left, the thermally induced charge carrier generation
is shown. The probability for the indicated transition is increased if defects (dotted box) are
present. On the right, the field-assisted electron-hole pair creation is sketched. Due to the strong
electric field, present at the pn-junction, electrons are able to tunnel through the potential barrier.
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Chapter 4 Determination of SiPM Characteristics

Figure 4.8 – Schematic description of the discriminator operation principle. If a SiPM signal
pulse exceeds the adjustable discriminator threshold, a logical output pulse of  3 ns width is
generated. For the dark-rate and cross-talk measurements, these logical pulses are counted with
the scaler module. In case of the after-pulse measurement described in section 4.5, the time
di⌅erence �t between consecutive pulses is determined with a time to digital converter.
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Figure 4.9 – Dark-rate at the 0.5 photoelectron threshold as a function of the the over-voltage
for the tested SiPM detectors.
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Unwanted noise due to  
creation of electron hole-pairs 
without involvement of photon … 
!
Possible processes: !
	 Thermal excitation !
	 Field assisted excitation 
	 [Tunneling Process]

Electron (hole) drifts to 
high-field area creating avalanche … 
!
Resulting signal  
indistinguishable from genuine 
photon induced SiPM signal … 
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Optical cross talk (OCT) 

Hot-Carrier Luminescence:  
In an avalanche breakdown 105 carriers emit in average one photon 
  with E > 1.14 eV. A. Lacaita et al, IEEE TED (1993) 

 
Solution: 
    optical isolation between pixels 
    operate at relative low gain (Æ low PDE!) 
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3. Cross-talk measurement

Already in 1955 it was shown that a p–n junction which is
reversely biased until breakdown emits light in the visible range
[15]. Lacaita et al. later have shown that the efficiency for photon
emission with energies larger than 1.14 eV is about 3!10"5 per
charge carrier crossing the junction [16]. Thus, assuming a typical
SiPM gain of 106, one finds that on average 30 such photons are
generated during a pixel breakdown. Depending on their energy
and the location where they are produced, these photons have a
certain probability to reach a neighbouring pixel and to
produce an additional avalanche. The corresponding signal cannot
be separated from a signal induced by an initial photon. This
cross-talk limits the photon-counting resolution of SiPM devices
as it is impossible to determine the exact number of photon-
induced pixel-breakdowns. The cross-talk probability is thus an
important characteristic of a SiPM and should be as small as
possible.

The method to determine the cross-talk is based on the
analysis of signal events generated by thermal or field mediated
excitations of electrons in the silicon lattice, often referred to as
thermal noise or dark rate.

For an ideal detector the probability of two or more
simultaneous thermal excitations should be negligible such that
without cross-talk only signals with an amplitude corresponding
to a single photoelectron (1 pe) should be observed. However, for
a real SiPM additional, cross-talk induced avalanches can occur
resulting in higher amplitude pulses. By comparing the event rate
above a 1 pe threshold with the total dark rate measured the
cross-talk probability is estimated.

3.1. Experimental setup

For the cross-talk measurement the SiPMs are placed in a light-
tight box (cf. Fig. 11) to prevent any background contamination
from ambient light. The thermal noise signal is then amplified by
a factor of 50 and fed into a discriminator module.6 Each time a
noise pulse crosses a defined threshold level, a logical output
pulse of 3 ns length is generated. These pulses are counted by a
scaler module7 with its time gate set to 1 s. The measured count
rate as a function of the discriminator threshold is shown in
Fig. 12; in the presented example Uover was set to 1.3 V.

A characteristic step function is observed, and the count rate
drops every time integer multiples of the 1 pe threshold are
reached. For a threshold above the electronic noise but below the
amplitude of the 1 pe signal all SiPM thermal or field mediated
excitations are counted; this corresponds to the dark rate, n0:5 pe.
By measuring the count rate above a 1.5 pe threshold, n1:5 pe, only
events with one or more additional, cross-talk induced avalanche
are taken into account. The ratio Pc ¼ n1:5 pe=n0:5 pe measures the
cross-talk probability.

To determine the cross-talk probability as a function of the
over voltage, several threshold spectra are recorded at different
Uover settings. The rates n0:5 pe and n1:5 pe are determined
automatically by fitting a spline to the data and calculating the
absolute value of its derivative; this corresponds to the pulse-
height spectrum of thermal noise events. The first local minima of
these spectra indicate the 0.5 and 1.5 pe threshold values at which
the count rates n0:5 pe and n1:5 pe are determined. The measure-
ment uncertainty is roughly estimated by varying the threshold
by 50% of the plateau width.

3.2. Cross-talk results

The measured cross-talk probability as a function of the SiPM
gain is shown in Fig. 13 for the tested SiPM devices; as expected, it
increases with increasing gain and thus increasing over voltage
Uover (cf. Fig. 5). If more charge carriers traverse the p–n junction,

Light-tight box
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LABVIEWHV
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Threshold

Pulse-Rate

Voltage Control

TDC

SiPM Amplifier

t-Distributions

Fig. 11. Experimental setup for cross-talk and after-pulse measurements. For the
after-pulse measurement the discriminator output is connected to a TDC.
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6 LeCroy Model 4416.
7 LeCroy Model 2550B.
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Fig. 8. Charge resolution of the GM-APD as a function of the bias
voltage.

Fig. 9. Collection of pulses presenting an after-pulse .

this tail increases with the bias voltage. From an inspection of
the signal shape associated to these events it was found that,
within the integration time, the main pulse was always followed
by a second one. A collection of nine of these events is shown in
Fig. 9. The main pulses are exactly overlaid at time 0, whereas
the secondary pulses are randomly distributed after the primary.
The height of the second pulse depends on the relative position
with respect to the first one, because the diode voltage is still
slowly increasing towards and consequently the gain
changes according to the plot in Fig. 7. It is interesting to note
that, from the convolution of the secondary pulse peak (dashed
line), a recovery time constant consistent with the one previ-
ously reported can be extracted. The relatively high number of
counts characterized by secondary pulses taking place in such a
short time can not be simply attributed to normal dark count be-
cause, as shown later, its rate is in the order of few kHz. The only
phenomenon that can explain this behavior is after-pulsing, for
which carriers trapped during the main avalanche are released
after a short time and trigger, with a certain probability, a second
discharge [4].

The normalized distribution of the time elapsed between two
consecutive pulses is shown in Fig. 10. It was obtained counting

Fig. 10. Spectrum of the delay time from the primary pulse to the after-pulse.

Fig. 11. Integral spectra of the spectra in Fig. 6.

only those events characterized by two peaks with a time dis-
tance not exceeding 300 ns. The probability to have an after-
pulse decreases very quickly with time and more than 90% of
the secondary pulses occur within 30 ns. This spectrum is found
to be independent from the bias voltage (at least up to

). The distribution can be fitted (see Fig. 10) with three expo-
nential decays each corresponding to trap levels located in three
different positions in the energy bandgap. It must be noted that
the triggering probability of secondary carriers is not constant in
the first 50 ns since the diode voltage is increasing from
to the nominal bias voltage. As a consequence, the first expo-
nential term can not be directly used to extract the energy level
position.

The percentage of counts presenting after-pulses can be esti-
mated from the integral spectra shown in Fig. 11. The figure
presents the normalized integral of both the spectra and the
Gaussian fits reported in Fig. 6. The difference between the max-
imum levels reached by the experimental integral spectra (1 in
Fig. 11) and the corresponding integral Gaussian fits is the per-
centage of events with after-pulse. Fig. 12 reports this value as a
function of the bias voltage. As already evidenced, it increases
with , and more in detail the growth can be fitted with a
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Spectrum of the delay time  
from the primary pulse to the after-pulse
[C. Piemonte et al. IEEE TNS, Vol 54 (2007) 236]

3. Cross-talk measurement

Already in 1955 it was shown that a p–n junction which is
reversely biased until breakdown emits light in the visible range
[15]. Lacaita et al. later have shown that the efficiency for photon
emission with energies larger than 1.14 eV is about 3!10"5 per
charge carrier crossing the junction [16]. Thus, assuming a typical
SiPM gain of 106, one finds that on average 30 such photons are
generated during a pixel breakdown. Depending on their energy
and the location where they are produced, these photons have a
certain probability to reach a neighbouring pixel and to
produce an additional avalanche. The corresponding signal cannot
be separated from a signal induced by an initial photon. This
cross-talk limits the photon-counting resolution of SiPM devices
as it is impossible to determine the exact number of photon-
induced pixel-breakdowns. The cross-talk probability is thus an
important characteristic of a SiPM and should be as small as
possible.

The method to determine the cross-talk is based on the
analysis of signal events generated by thermal or field mediated
excitations of electrons in the silicon lattice, often referred to as
thermal noise or dark rate.

For an ideal detector the probability of two or more
simultaneous thermal excitations should be negligible such that
without cross-talk only signals with an amplitude corresponding
to a single photoelectron (1 pe) should be observed. However, for
a real SiPM additional, cross-talk induced avalanches can occur
resulting in higher amplitude pulses. By comparing the event rate
above a 1 pe threshold with the total dark rate measured the
cross-talk probability is estimated.

3.1. Experimental setup

For the cross-talk measurement the SiPMs are placed in a light-
tight box (cf. Fig. 11) to prevent any background contamination
from ambient light. The thermal noise signal is then amplified by
a factor of 50 and fed into a discriminator module.6 Each time a
noise pulse crosses a defined threshold level, a logical output
pulse of 3 ns length is generated. These pulses are counted by a
scaler module7 with its time gate set to 1 s. The measured count
rate as a function of the discriminator threshold is shown in
Fig. 12; in the presented example Uover was set to 1.3 V.

A characteristic step function is observed, and the count rate
drops every time integer multiples of the 1 pe threshold are
reached. For a threshold above the electronic noise but below the
amplitude of the 1 pe signal all SiPM thermal or field mediated
excitations are counted; this corresponds to the dark rate, n0:5 pe.
By measuring the count rate above a 1.5 pe threshold, n1:5 pe, only
events with one or more additional, cross-talk induced avalanche
are taken into account. The ratio Pc ¼ n1:5 pe=n0:5 pe measures the
cross-talk probability.

To determine the cross-talk probability as a function of the
over voltage, several threshold spectra are recorded at different
Uover settings. The rates n0:5 pe and n1:5 pe are determined
automatically by fitting a spline to the data and calculating the
absolute value of its derivative; this corresponds to the pulse-
height spectrum of thermal noise events. The first local minima of
these spectra indicate the 0.5 and 1.5 pe threshold values at which
the count rates n0:5 pe and n1:5 pe are determined. The measure-
ment uncertainty is roughly estimated by varying the threshold
by 50% of the plateau width.

3.2. Cross-talk results

The measured cross-talk probability as a function of the SiPM
gain is shown in Fig. 13 for the tested SiPM devices; as expected, it
increases with increasing gain and thus increasing over voltage
Uover (cf. Fig. 5). If more charge carriers traverse the p–n junction,
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Fig. 11. Experimental setup for cross-talk and after-pulse measurements. For the
after-pulse measurement the discriminator output is connected to a TDC.
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Uover¼1.3 V as a function of the discriminator threshold. The noise rates at the 0.5,
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Optical cross talk (OCT) 

Hot-Carrier Luminescence:  
In an avalanche breakdown 105 carriers emit in average one photon 
  with E > 1.14 eV. A. Lacaita et al, IEEE TED (1993) 

 
Solution: 
    optical isolation between pixels 
    operate at relative low gain (Æ low PDE!) 

Christian Jendrysik Vertex 2013 Berg, Germany 15 

3. Cross-talk measurement

Already in 1955 it was shown that a p–n junction which is
reversely biased until breakdown emits light in the visible range
[15]. Lacaita et al. later have shown that the efficiency for photon
emission with energies larger than 1.14 eV is about 3!10"5 per
charge carrier crossing the junction [16]. Thus, assuming a typical
SiPM gain of 106, one finds that on average 30 such photons are
generated during a pixel breakdown. Depending on their energy
and the location where they are produced, these photons have a
certain probability to reach a neighbouring pixel and to
produce an additional avalanche. The corresponding signal cannot
be separated from a signal induced by an initial photon. This
cross-talk limits the photon-counting resolution of SiPM devices
as it is impossible to determine the exact number of photon-
induced pixel-breakdowns. The cross-talk probability is thus an
important characteristic of a SiPM and should be as small as
possible.

The method to determine the cross-talk is based on the
analysis of signal events generated by thermal or field mediated
excitations of electrons in the silicon lattice, often referred to as
thermal noise or dark rate.

For an ideal detector the probability of two or more
simultaneous thermal excitations should be negligible such that
without cross-talk only signals with an amplitude corresponding
to a single photoelectron (1 pe) should be observed. However, for
a real SiPM additional, cross-talk induced avalanches can occur
resulting in higher amplitude pulses. By comparing the event rate
above a 1 pe threshold with the total dark rate measured the
cross-talk probability is estimated.

3.1. Experimental setup

For the cross-talk measurement the SiPMs are placed in a light-
tight box (cf. Fig. 11) to prevent any background contamination
from ambient light. The thermal noise signal is then amplified by
a factor of 50 and fed into a discriminator module.6 Each time a
noise pulse crosses a defined threshold level, a logical output
pulse of 3 ns length is generated. These pulses are counted by a
scaler module7 with its time gate set to 1 s. The measured count
rate as a function of the discriminator threshold is shown in
Fig. 12; in the presented example Uover was set to 1.3 V.

A characteristic step function is observed, and the count rate
drops every time integer multiples of the 1 pe threshold are
reached. For a threshold above the electronic noise but below the
amplitude of the 1 pe signal all SiPM thermal or field mediated
excitations are counted; this corresponds to the dark rate, n0:5 pe.
By measuring the count rate above a 1.5 pe threshold, n1:5 pe, only
events with one or more additional, cross-talk induced avalanche
are taken into account. The ratio Pc ¼ n1:5 pe=n0:5 pe measures the
cross-talk probability.

To determine the cross-talk probability as a function of the
over voltage, several threshold spectra are recorded at different
Uover settings. The rates n0:5 pe and n1:5 pe are determined
automatically by fitting a spline to the data and calculating the
absolute value of its derivative; this corresponds to the pulse-
height spectrum of thermal noise events. The first local minima of
these spectra indicate the 0.5 and 1.5 pe threshold values at which
the count rates n0:5 pe and n1:5 pe are determined. The measure-
ment uncertainty is roughly estimated by varying the threshold
by 50% of the plateau width.

3.2. Cross-talk results

The measured cross-talk probability as a function of the SiPM
gain is shown in Fig. 13 for the tested SiPM devices; as expected, it
increases with increasing gain and thus increasing over voltage
Uover (cf. Fig. 5). If more charge carriers traverse the p–n junction,
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Fig. 11. Experimental setup for cross-talk and after-pulse measurements. For the
after-pulse measurement the discriminator output is connected to a TDC.
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3. Cross-talk measurement

Already in 1955 it was shown that a p–n junction which is
reversely biased until breakdown emits light in the visible range
[15]. Lacaita et al. later have shown that the efficiency for photon
emission with energies larger than 1.14 eV is about 3!10"5 per
charge carrier crossing the junction [16]. Thus, assuming a typical
SiPM gain of 106, one finds that on average 30 such photons are
generated during a pixel breakdown. Depending on their energy
and the location where they are produced, these photons have a
certain probability to reach a neighbouring pixel and to
produce an additional avalanche. The corresponding signal cannot
be separated from a signal induced by an initial photon. This
cross-talk limits the photon-counting resolution of SiPM devices
as it is impossible to determine the exact number of photon-
induced pixel-breakdowns. The cross-talk probability is thus an
important characteristic of a SiPM and should be as small as
possible.

The method to determine the cross-talk is based on the
analysis of signal events generated by thermal or field mediated
excitations of electrons in the silicon lattice, often referred to as
thermal noise or dark rate.

For an ideal detector the probability of two or more
simultaneous thermal excitations should be negligible such that
without cross-talk only signals with an amplitude corresponding
to a single photoelectron (1 pe) should be observed. However, for
a real SiPM additional, cross-talk induced avalanches can occur
resulting in higher amplitude pulses. By comparing the event rate
above a 1 pe threshold with the total dark rate measured the
cross-talk probability is estimated.

3.1. Experimental setup

For the cross-talk measurement the SiPMs are placed in a light-
tight box (cf. Fig. 11) to prevent any background contamination
from ambient light. The thermal noise signal is then amplified by
a factor of 50 and fed into a discriminator module.6 Each time a
noise pulse crosses a defined threshold level, a logical output
pulse of 3 ns length is generated. These pulses are counted by a
scaler module7 with its time gate set to 1 s. The measured count
rate as a function of the discriminator threshold is shown in
Fig. 12; in the presented example Uover was set to 1.3 V.

A characteristic step function is observed, and the count rate
drops every time integer multiples of the 1 pe threshold are
reached. For a threshold above the electronic noise but below the
amplitude of the 1 pe signal all SiPM thermal or field mediated
excitations are counted; this corresponds to the dark rate, n0:5 pe.
By measuring the count rate above a 1.5 pe threshold, n1:5 pe, only
events with one or more additional, cross-talk induced avalanche
are taken into account. The ratio Pc ¼ n1:5 pe=n0:5 pe measures the
cross-talk probability.

To determine the cross-talk probability as a function of the
over voltage, several threshold spectra are recorded at different
Uover settings. The rates n0:5 pe and n1:5 pe are determined
automatically by fitting a spline to the data and calculating the
absolute value of its derivative; this corresponds to the pulse-
height spectrum of thermal noise events. The first local minima of
these spectra indicate the 0.5 and 1.5 pe threshold values at which
the count rates n0:5 pe and n1:5 pe are determined. The measure-
ment uncertainty is roughly estimated by varying the threshold
by 50% of the plateau width.

3.2. Cross-talk results

The measured cross-talk probability as a function of the SiPM
gain is shown in Fig. 13 for the tested SiPM devices; as expected, it
increases with increasing gain and thus increasing over voltage
Uover (cf. Fig. 5). If more charge carriers traverse the p–n junction,
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Fig. 11. Experimental setup for cross-talk and after-pulse measurements. For the
after-pulse measurement the discriminator output is connected to a TDC.
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Cross Talk After-Pulsing

more photons are produced during the breakdown process
yielding a higher cross-talk probability; this effect is
additionally enhanced by a larger avalanche trigger efficiency,
etrigger which also rises with Uover.

Comparing the cross-talk probability of the three MPPCs with
different cell sizes at constant gain values, shows that devices
with larger cells have a smaller cross-talk probability compared to
devices with smaller cells. This can be explained by the different
values of etrigger at constant gain and by the longer average
distance photons have to travel in case of larger cells before
reaching a neighbouring pixel where they can cause a second
avalanche.

The tested SensL device shows a different behaviour which is
presumably caused by a different production technique. It has a
similar cross-talk probability as the 400 pixel MPPC device (at the
same gain) although featuring a higher pixel density (smaller cell
size).

4. After-pulse measurement

The measurement of the after-pulse probability is also based
on the analysis of the noise rate as this not only includes thermal
excitations, but also after-pulsing. After-pulses are believed to be
generated if electrons produced in an avalanche are trapped and
released again after some delay which can last from nanoseconds
up to several microseconds. The charge fraction carried by these
pulses depends on the recovery state of the corresponding pixel
and can be calculated if the pixel recovery time tr is known:
xðDtÞ ¼ 1$expð$Dt=trÞ. If the time delay with respect to the
preceding pulse, Dt, is short, only pulses with small, i.e. smaller
than 1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche signal is
triggered. These signals cannot be separated from genuine,
photon-induced signals and thus deteriorate the photon-counting
resolution.

4.1. Experimental setup

The experimental setup is similar to the one used for the cross-
talk determination (cf. Fig. 11). The only difference is that the
discriminator signals are now fed into a TDC8 instead of a scaler
module. The TDC is used to measure the time difference, Dt,
between consecutive SiPM pulses. A typical Dt- distribution is
shown in Fig. 14. For small values of Dt the efficiency for detecting
an after-pulse is largely reduced due to the time needed for pixel
recovery and the dead time of discriminator and TDC. For time
differences with xðDtÞ % 1, i.e. larger than 20–100 ns—depending
on the sensor type and the applied over voltage—the measured
distribution can be fitted by a superposition of two exponentials

ntpðDtÞ ¼Ntp=ttp & e$Dt=ttp ð5Þ

napðDtÞ ¼Napf=tapf & e$Dt=tapf þNaps=taps & e$Dt=taps : ð6Þ

Here, Eq. (5) describes the probability density for thermal events,
with the constant Ntp corresponding to the integrated number of
thermal signals and 1=ttp representing the reduced dark count rate
(without after-pulses). The probability density for after-pulses is
given by Eq. (6). As already observed in Ref. [17], the fit quality can
be significantly improved by using two different time constants, tapf

and taps, one describing a fast component of after-pulse generation
and the other a slow one. Napf and Naps correspond to the integrated
number of fast and slow after-pulses, respectively. The after-pulse

probability is then given by

Pap ¼
R1

0 x & nap dDtR1
0 x & ðnapþntpÞdDt

ð7Þ

where x, nap and ntp depend on Dt. The function x takes into account
that trapped electrons which are released prior to complete pixel
recovery have a smaller contribution to the after-pulse probability.
Since the left part of the spectrum (cf. Fig. 14) was not used in the fit,
the recovery time9tr was taken from Ref. [18].

4.2. Results

The after-pulse probability as a function of the over voltage is
shown in Fig. 15; it increases with increasing Uover. The reason for
this increase is again due to the increase in gain. The second effect
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Fig. 14. After-pulse time difference distribution of a HAMAMATSU S10362-11-
050C at a bias voltage of $70.6 V. The distribution is well represented by a fit-
function (red line) which is given by the superposition of two exponential one for
the thermal noise and one for the after-pulse time distribution. (For interpretation
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8 CAEN V1290A, Multihit TDC. 9 100 pixel: tr ¼ 33 ns, 400 pixel: tr ¼ 9 ns, 1600 pixel: tr ¼ 4 ns.
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3. Cross-talk measurement

Already in 1955 it was shown that a p–n junction which is
reversely biased until breakdown emits light in the visible range
[15]. Lacaita et al. later have shown that the efficiency for photon
emission with energies larger than 1.14 eV is about 3!10"5 per
charge carrier crossing the junction [16]. Thus, assuming a typical
SiPM gain of 106, one finds that on average 30 such photons are
generated during a pixel breakdown. Depending on their energy
and the location where they are produced, these photons have a
certain probability to reach a neighbouring pixel and to
produce an additional avalanche. The corresponding signal cannot
be separated from a signal induced by an initial photon. This
cross-talk limits the photon-counting resolution of SiPM devices
as it is impossible to determine the exact number of photon-
induced pixel-breakdowns. The cross-talk probability is thus an
important characteristic of a SiPM and should be as small as
possible.

The method to determine the cross-talk is based on the
analysis of signal events generated by thermal or field mediated
excitations of electrons in the silicon lattice, often referred to as
thermal noise or dark rate.

For an ideal detector the probability of two or more
simultaneous thermal excitations should be negligible such that
without cross-talk only signals with an amplitude corresponding
to a single photoelectron (1 pe) should be observed. However, for
a real SiPM additional, cross-talk induced avalanches can occur
resulting in higher amplitude pulses. By comparing the event rate
above a 1 pe threshold with the total dark rate measured the
cross-talk probability is estimated.

3.1. Experimental setup

For the cross-talk measurement the SiPMs are placed in a light-
tight box (cf. Fig. 11) to prevent any background contamination
from ambient light. The thermal noise signal is then amplified by
a factor of 50 and fed into a discriminator module.6 Each time a
noise pulse crosses a defined threshold level, a logical output
pulse of 3 ns length is generated. These pulses are counted by a
scaler module7 with its time gate set to 1 s. The measured count
rate as a function of the discriminator threshold is shown in
Fig. 12; in the presented example Uover was set to 1.3 V.

A characteristic step function is observed, and the count rate
drops every time integer multiples of the 1 pe threshold are
reached. For a threshold above the electronic noise but below the
amplitude of the 1 pe signal all SiPM thermal or field mediated
excitations are counted; this corresponds to the dark rate, n0:5 pe.
By measuring the count rate above a 1.5 pe threshold, n1:5 pe, only
events with one or more additional, cross-talk induced avalanche
are taken into account. The ratio Pc ¼ n1:5 pe=n0:5 pe measures the
cross-talk probability.

To determine the cross-talk probability as a function of the
over voltage, several threshold spectra are recorded at different
Uover settings. The rates n0:5 pe and n1:5 pe are determined
automatically by fitting a spline to the data and calculating the
absolute value of its derivative; this corresponds to the pulse-
height spectrum of thermal noise events. The first local minima of
these spectra indicate the 0.5 and 1.5 pe threshold values at which
the count rates n0:5 pe and n1:5 pe are determined. The measure-
ment uncertainty is roughly estimated by varying the threshold
by 50% of the plateau width.

3.2. Cross-talk results

The measured cross-talk probability as a function of the SiPM
gain is shown in Fig. 13 for the tested SiPM devices; as expected, it
increases with increasing gain and thus increasing over voltage
Uover (cf. Fig. 5). If more charge carriers traverse the p–n junction,
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Fig. 11. Experimental setup for cross-talk and after-pulse measurements. For the
after-pulse measurement the discriminator output is connected to a TDC.
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Optical cross-talk reduction

To reduce optical cross-talk CPTA /Photonique was the first to introduce trenches separating 
neighbouring  pixels

(D. McNally, G-APD workshop, GSI, Feb. 2009)

Solution: optically separate cells trenches

[D. McNally, G-APD workshop, GSI, Feb. 2009]
[source: Y. Musienko, FNAL]

To reduce optical cross-talk trenches are introduced 
to separate neighboring pixels …
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Breakdown voltage increases 
with temperature

Interactions with lattice vibrations  
i.e. phonons slows down charge carriers;  

higher field needed for breakdown

SiPM gain decreases 
with temperature

Large pixel capacitance causes 
extra large temperature dependence
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Linearity and Dynamic Range

Chapter 3 Photodetection

of the number of created photoelectrons. The following response function is commonly used to
describe the SiPM non-linearity:

Nfired = N ⇧
tot ·

⇧
1� exp

⇤
�N⇥ · PDE⇧

N ⇧
tot

⌅⌃
, (3.7)

where Nfired describes the number of fired pixels and N⇥ denotes the number of incident
photons. The quantities N ⇧

tot and PDE⇧ correspond to the e⌅ective total number of SiPM
pixels, and the e⌅ective photon detection e⌥ciency, respectively. These factors are treated
as ‘e⌅ective’ quantities since they in general depend on the SiPM noise such as the dark-
rate and the after-pulse probability described below, as well as on the time and spatial dis-
tribution of the incoming light flash. Depending on the operation conditions of the SiPM
like the bias voltage or temperature, di⌅erent values of these e⌅ective quantities have to
be applied. It is practical impossible to derive an analytical description of the SiPM re-
sponse function which takes into account all these e⌅ects. Such a description may however
be achieved with the aid of a Monte Carlo simulation of the SiPM as for example described in
[63].

Once, a suitable response function has been determined for the specific operation conditions,
it is possible to correct the measured signal values for the saturating behaviour; this is for
example done in case of the AHCAL prototype as described in Ref. [32]. However, for high
photon quantities the procedure can’t avoid a significant deterioration of the the photon count-
ing resolution as the measurement uncertainty on the number of fired pixels is magnified by
the non-linear scale.

requirement to have a sufficiently low dark rate
limits the SiPM gain to the level of 106 and its
photon detection efficiency to 10–12% [11] at
room temperature in the case of tile HCAL
application. Another limitation is given by the
finite number of pixels introducing a nonlinearity
of the SiPM signal, when the number of produced
photoelectrons is of the order of the total number
of pixels. Fig. 4 presents the linearity range of the

SiPM for a short laser light pulse of 40 ps, showing
saturation effects for large signals.
Due to the fast pixel recovery time, the SiPM

response depends on the width of the light pulse.
The duration of the light signal produced in the
MiniCal tile-fiber system is typically !10 ns full-
width at half-maximum (see Fig. 5b). In this case
the SiPM saturation occurs at about 2000 pixels
for SiPMs with 1024 pixels/mm2 as shown in
Fig. 5a. This indicates that the effective recovery
time for a pixel is rather small (!10 ns) and each
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Fig. 3. Dark rate dependence on threshold for different bias
voltages of a 1024-pixels/mm2 SiPM at room temperature.
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Fig. 5. (a) Nonlinear response to an LED light signal for 1024-
pixels/mm2 SiPM. (b) Time shape of the used LED light signal
(open squares) compared to the tile-fiber system signal (points).
On the x-axis 1 ch. ¼ 50 ps.

V. Andreev et al. / Nuclear Instruments and Methods in Physics Research A 540 (2005) 368–380372

Figure 3.12 – Dynamical range for several SiPM devices di⌅ering in the total number of pixels.
The measurement was carried out with short laser pulses of 40 ps duration. In this way it is
ensured that each pixels fires only once. The figure has been taken from Ref. [64].
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of the number of created photoelectrons. The following response function is commonly used to
describe the SiPM non-linearity:

Nfired = N ⇧
tot ·
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where Nfired describes the number of fired pixels and N⇥ denotes the number of incident
photons. The quantities N ⇧

tot and PDE⇧ correspond to the e⌅ective total number of SiPM
pixels, and the e⌅ective photon detection e⌥ciency, respectively. These factors are treated
as ‘e⌅ective’ quantities since they in general depend on the SiPM noise such as the dark-
rate and the after-pulse probability described below, as well as on the time and spatial dis-
tribution of the incoming light flash. Depending on the operation conditions of the SiPM
like the bias voltage or temperature, di⌅erent values of these e⌅ective quantities have to
be applied. It is practical impossible to derive an analytical description of the SiPM re-
sponse function which takes into account all these e⌅ects. Such a description may however
be achieved with the aid of a Monte Carlo simulation of the SiPM as for example described in
[63].

Once, a suitable response function has been determined for the specific operation conditions,
it is possible to correct the measured signal values for the saturating behaviour; this is for
example done in case of the AHCAL prototype as described in Ref. [32]. However, for high
photon quantities the procedure can’t avoid a significant deterioration of the the photon count-
ing resolution as the measurement uncertainty on the number of fired pixels is magnified by
the non-linear scale.

requirement to have a sufficiently low dark rate
limits the SiPM gain to the level of 106 and its
photon detection efficiency to 10–12% [11] at
room temperature in the case of tile HCAL
application. Another limitation is given by the
finite number of pixels introducing a nonlinearity
of the SiPM signal, when the number of produced
photoelectrons is of the order of the total number
of pixels. Fig. 4 presents the linearity range of the

SiPM for a short laser light pulse of 40 ps, showing
saturation effects for large signals.
Due to the fast pixel recovery time, the SiPM

response depends on the width of the light pulse.
The duration of the light signal produced in the
MiniCal tile-fiber system is typically !10 ns full-
width at half-maximum (see Fig. 5b). In this case
the SiPM saturation occurs at about 2000 pixels
for SiPMs with 1024 pixels/mm2 as shown in
Fig. 5a. This indicates that the effective recovery
time for a pixel is rather small (!10 ns) and each
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voltages of a 1024-pixels/mm2 SiPM at room temperature.
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Figure 3.12 – Dynamical range for several SiPM devices di⌅ering in the total number of pixels.
The measurement was carried out with short laser pulses of 40 ps duration. In this way it is
ensured that each pixels fires only once. The figure has been taken from Ref. [64].
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of the number of created photoelectrons. The following response function is commonly used to
describe the SiPM non-linearity:

Nfired = N ⇧
tot ·

⇧
1� exp

⇤
�N⇥ · PDE⇧

N ⇧
tot

⌅⌃
, (3.7)

where Nfired describes the number of fired pixels and N⇥ denotes the number of incident
photons. The quantities N ⇧

tot and PDE⇧ correspond to the e⌅ective total number of SiPM
pixels, and the e⌅ective photon detection e⌥ciency, respectively. These factors are treated
as ‘e⌅ective’ quantities since they in general depend on the SiPM noise such as the dark-
rate and the after-pulse probability described below, as well as on the time and spatial dis-
tribution of the incoming light flash. Depending on the operation conditions of the SiPM
like the bias voltage or temperature, di⌅erent values of these e⌅ective quantities have to
be applied. It is practical impossible to derive an analytical description of the SiPM re-
sponse function which takes into account all these e⌅ects. Such a description may however
be achieved with the aid of a Monte Carlo simulation of the SiPM as for example described in
[63].

Once, a suitable response function has been determined for the specific operation conditions,
it is possible to correct the measured signal values for the saturating behaviour; this is for
example done in case of the AHCAL prototype as described in Ref. [32]. However, for high
photon quantities the procedure can’t avoid a significant deterioration of the the photon count-
ing resolution as the measurement uncertainty on the number of fired pixels is magnified by
the non-linear scale.

requirement to have a sufficiently low dark rate
limits the SiPM gain to the level of 106 and its
photon detection efficiency to 10–12% [11] at
room temperature in the case of tile HCAL
application. Another limitation is given by the
finite number of pixels introducing a nonlinearity
of the SiPM signal, when the number of produced
photoelectrons is of the order of the total number
of pixels. Fig. 4 presents the linearity range of the

SiPM for a short laser light pulse of 40 ps, showing
saturation effects for large signals.
Due to the fast pixel recovery time, the SiPM

response depends on the width of the light pulse.
The duration of the light signal produced in the
MiniCal tile-fiber system is typically !10 ns full-
width at half-maximum (see Fig. 5b). In this case
the SiPM saturation occurs at about 2000 pixels
for SiPMs with 1024 pixels/mm2 as shown in
Fig. 5a. This indicates that the effective recovery
time for a pixel is rather small (!10 ns) and each
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Fig. 3. Dark rate dependence on threshold for different bias
voltages of a 1024-pixels/mm2 SiPM at room temperature.
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Figure 3.12 – Dynamical range for several SiPM devices di⌅ering in the total number of pixels.
The measurement was carried out with short laser pulses of 40 ps duration. In this way it is
ensured that each pixels fires only once. The figure has been taken from Ref. [64].
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of the number of created photoelectrons. The following response function is commonly used to
describe the SiPM non-linearity:

Nfired = N ⇧
tot ·

⇧
1� exp

⇤
�N⇥ · PDE⇧

N ⇧
tot

⌅⌃
, (3.7)

where Nfired describes the number of fired pixels and N⇥ denotes the number of incident
photons. The quantities N ⇧

tot and PDE⇧ correspond to the e⌅ective total number of SiPM
pixels, and the e⌅ective photon detection e⌥ciency, respectively. These factors are treated
as ‘e⌅ective’ quantities since they in general depend on the SiPM noise such as the dark-
rate and the after-pulse probability described below, as well as on the time and spatial dis-
tribution of the incoming light flash. Depending on the operation conditions of the SiPM
like the bias voltage or temperature, di⌅erent values of these e⌅ective quantities have to
be applied. It is practical impossible to derive an analytical description of the SiPM re-
sponse function which takes into account all these e⌅ects. Such a description may however
be achieved with the aid of a Monte Carlo simulation of the SiPM as for example described in
[63].

Once, a suitable response function has been determined for the specific operation conditions,
it is possible to correct the measured signal values for the saturating behaviour; this is for
example done in case of the AHCAL prototype as described in Ref. [32]. However, for high
photon quantities the procedure can’t avoid a significant deterioration of the the photon count-
ing resolution as the measurement uncertainty on the number of fired pixels is magnified by
the non-linear scale.

requirement to have a sufficiently low dark rate
limits the SiPM gain to the level of 106 and its
photon detection efficiency to 10–12% [11] at
room temperature in the case of tile HCAL
application. Another limitation is given by the
finite number of pixels introducing a nonlinearity
of the SiPM signal, when the number of produced
photoelectrons is of the order of the total number
of pixels. Fig. 4 presents the linearity range of the

SiPM for a short laser light pulse of 40 ps, showing
saturation effects for large signals.
Due to the fast pixel recovery time, the SiPM

response depends on the width of the light pulse.
The duration of the light signal produced in the
MiniCal tile-fiber system is typically !10 ns full-
width at half-maximum (see Fig. 5b). In this case
the SiPM saturation occurs at about 2000 pixels
for SiPMs with 1024 pixels/mm2 as shown in
Fig. 5a. This indicates that the effective recovery
time for a pixel is rather small (!10 ns) and each
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Fig. 3. Dark rate dependence on threshold for different bias
voltages of a 1024-pixels/mm2 SiPM at room temperature.
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Fig. 5. (a) Nonlinear response to an LED light signal for 1024-
pixels/mm2 SiPM. (b) Time shape of the used LED light signal
(open squares) compared to the tile-fiber system signal (points).
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Figure 3.12 – Dynamical range for several SiPM devices di⌅ering in the total number of pixels.
The measurement was carried out with short laser pulses of 40 ps duration. In this way it is
ensured that each pixels fires only once. The figure has been taken from Ref. [64].

70

[V. Andreev et al., NIM A540 (2005) 368]

Chapter 3 Photodetection

of the number of created photoelectrons. The following response function is commonly used to
describe the SiPM non-linearity:

Nfired = N ⇧
tot ·

⇧
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�N⇥ · PDE⇧

N ⇧
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⌅⌃
, (3.7)

where Nfired describes the number of fired pixels and N⇥ denotes the number of incident
photons. The quantities N ⇧

tot and PDE⇧ correspond to the e⌅ective total number of SiPM
pixels, and the e⌅ective photon detection e⌥ciency, respectively. These factors are treated
as ‘e⌅ective’ quantities since they in general depend on the SiPM noise such as the dark-
rate and the after-pulse probability described below, as well as on the time and spatial dis-
tribution of the incoming light flash. Depending on the operation conditions of the SiPM
like the bias voltage or temperature, di⌅erent values of these e⌅ective quantities have to
be applied. It is practical impossible to derive an analytical description of the SiPM re-
sponse function which takes into account all these e⌅ects. Such a description may however
be achieved with the aid of a Monte Carlo simulation of the SiPM as for example described in
[63].

Once, a suitable response function has been determined for the specific operation conditions,
it is possible to correct the measured signal values for the saturating behaviour; this is for
example done in case of the AHCAL prototype as described in Ref. [32]. However, for high
photon quantities the procedure can’t avoid a significant deterioration of the the photon count-
ing resolution as the measurement uncertainty on the number of fired pixels is magnified by
the non-linear scale.

requirement to have a sufficiently low dark rate
limits the SiPM gain to the level of 106 and its
photon detection efficiency to 10–12% [11] at
room temperature in the case of tile HCAL
application. Another limitation is given by the
finite number of pixels introducing a nonlinearity
of the SiPM signal, when the number of produced
photoelectrons is of the order of the total number
of pixels. Fig. 4 presents the linearity range of the

SiPM for a short laser light pulse of 40 ps, showing
saturation effects for large signals.
Due to the fast pixel recovery time, the SiPM

response depends on the width of the light pulse.
The duration of the light signal produced in the
MiniCal tile-fiber system is typically !10 ns full-
width at half-maximum (see Fig. 5b). In this case
the SiPM saturation occurs at about 2000 pixels
for SiPMs with 1024 pixels/mm2 as shown in
Fig. 5a. This indicates that the effective recovery
time for a pixel is rather small (!10 ns) and each
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voltages of a 1024-pixels/mm2 SiPM at room temperature.
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Figure 3.12 – Dynamical range for several SiPM devices di⌅ering in the total number of pixels.
The measurement was carried out with short laser pulses of 40 ps duration. In this way it is
ensured that each pixels fires only once. The figure has been taken from Ref. [64].

70

SiPMs respond linearly only  
if number of detected photons  
is significantly below number of cells …

Otherwise  
correction needed …

Nfired:	 # fired pixels 
Nγ:		 # incident photons 
!
Nʹtot:	 effective # pixels 
PDEʹ: 	effective PDE

Effective Quantities account for  
dark count rate, after-pulse probability,  
light pulse time and spacial structure,  
operation conditions etc. …
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Signal rise time 
CPTA/Photonique 1 mm2 SSPM response to a 

35 psec FWHM  laser pulse (O=635 nm)
Zecotek 3x3 mm2 MAPD response to a 35 psec

FWHM  laser pulse (O=635 nm)

~700 psec rise time was measured (limited by circuitry)

properties of the IRST devices. The worse resolution at
long wavelengths (800 nm) may be explained by additional
fluctuations on the longer drift time for carriers generated
in depth by long wavelengths with respect to carriers
generated near the high field region by short wavelengths.

The systematic uncertainties on the measurement are
dominated by the contribution from the electronic noise
which is directly measured as follows. Keeping the same
laser and SiPM setup after every standard measurement
data were collected with the electronics modified in order
to evenly split the amplifier output signal, delay one
component and recombine back the two components. As a
result, for every s.p.e. peak from the SiPM two peaks at
fixed delay were obtained at the amplifier output. The same
optimum timing analysis described above is used for
measuring the fixed delay and its fluctuation (solid line in
Fig. 2), which includes contribution of the electronic noise
to the time resolution. This contribution is small compared
(in quadrature) to the measured SiPM time resolution and
is not corrected for. Only the uncertainty on the noise
contribution is accounted in the measured SiPM time
resolution. Residual systematic uncertainties (dependence
on light intensity, sampling clock jitter, etc.) are estimated
at a level below 10 ps.

Timing measurements with different beam spot size
(circular with diameter in the range 102200mm) and
illuminating different cells on the SiPM surface were
performed by means of pinholes and careful positioning.
No relevant spread in resolution was observed, indicating
uniformity in rise-time for the avalanche signal among the
different cells.

Data taking under higher light intensity conditions and
special trigger were performed for investigating the timing
resolution in presence of 41 simultaneous photo-electrons.

The dependence of st as a function of the number of photo-
electrons is shown in Fig. 3 to be in fair agreement with
Poisson statistics. The resolution with 15 photo-electrons,
typical of applications where SiPM are coupled to small
volume high light yield scintillators, is better than 25 ps.
For comparison, Green-red sensitive and Blue sensitive

type devices, commercially available at Photonique [11]
were also studied. Their time resolution was measured with
the same setup and under the conditions already described.
The best resolution, obtained at the maximum over-voltage
which the devices can be operated without discharges, for
green-red sensitive devices is comparable, at l ¼ 800 nm, to
the resolution of IRST devices. At l ¼ 400 nm green-red
devices perform a factor of 2 worse ðst#140 psÞ. Blue
sensitive devices perform even worse: the best resolutions at
l ¼ 800 nm ð400 nmÞ are, respectively, st#130 ps ð440 psÞ.

4. Conclusions

The technology under development at IRST for blue
light optimized SiPM is well advanced with good device
production yield ð480%Þ and performance reproducibi-
lity. The measured photo-detection efficiency shows that
the most critical factor involved, namely the quantum
efficiency, has been successfully optimized to a very high
level ð490%Þ. The avalanche triggering probability is
compatible with the expectations. The fill factor will be
optimized in future layouts to more than 50%.
Single photon timing resolution, in typical working

conditions, is measured at the level of o70 ps, with good
cell-to-cell uniformity. The time resolution scales with the
number of photo-electrons as expected from Poisson’s
statistics. Non gaussian tails in the resolution are found
only for long wavelengths and not at l ¼ 400 nm.
In addition to the development of SiPM, various

applications are being studied by the DASIPM collabora-
tion. Concerning medical applications, for instance,
matrices of SiPM are being produced at IRST for being
exploited in PET devices. Notably the energy resolution to
511 keV gammas was measured [12] at the level of
sE=E#10% for IRST devices (1% 1mm2 cross section)
coupled to an LSO crystal.
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CPTA/Photonique 1 mm2 SSPM  
response to a 35 ps FWHM laser pulse (λ=635 nm) 

SiPMs have  
excellent timing properties!

Rise Time: 700 ps 
[limited by circuitry]
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dSiPM (Philips)

(T. Frach,  IEEE-NSS/MIC, Orlando, Oct. 2009)

dSiPM - array of SPADs integrated in a standard CMOS process. Photons are detected and
counted as digital signals using a dedicated cell electronics block next to each diode. This block
also contains active quenching and recharge circuits, one bit memory for the selective inhibit of
detector cells. A trigger network is used to propagate the trigger signal from all cells to the TDC.

Application benefits
��6HQVLWLYLW\
     - Low dark count level
��6SHHG
     - Excellent timing resolution
��5REXVWQHVV
     - Against electromagnetic interference
     - Low sensitivity to temperature variations
��'DUN�FRXQW�UHGXFWLRQ�GXH�WR�WKH
   possibility of disabling individual cells

For system manufacturers
��,QWHJUDWHG�HOHFWURQLFV�VLPSOLILHV�V\VWHP
   integration (fully digital interface)
��/RZHU�V\VWHP�FRVW
��/RZ�SRZHU�FRQVXPSWLRQ
��6FDODELOLW\�RI�WKH�GHWHFWRU�DUHD
��&XVWRPL]HG�GHWHFWRU�DQG�PRGXODU�GHVLJQ

Digital Silicon Photomultiplier

How it works
Working principle of a digital silicon photomultiplier

Partnership
As one of the underlying principles behind
its policy of open innovation, Philips
welcomes development partners with
application expertise to fully exploit the
market potential of its new digital silicon
photomultiplier technology.

Figure 1a: One array comprises 
              16 dies (8x8 pixels)

Figure 2: First photon hits the sensor, integrated photon counter 
increases to 001 and integrated timer measures arrival time of first 
photon per die.

Figure 4: The chip has measured the 3 photons that have hit the  
sensor during the desired length of the detection process.

Figure 1b: One die comprises 
               4 pixels

Figure 3: Second photon hits the sensor, the integrated photon
counter increases to 002.

Figure 5: At the end of the detection process, the values of the 
integrated photon counter and timer can be read out via a digital 
interface.

Figure 1c: One pixel Figure 1d: Photo of a die

Main Features:
Physical characteristics DPc6400-22-44 DPc3200-22-44
287(5�',0(16,216 32.6 x 32.6 mm2 32.6 x 32.6 mm2

3,;(/�3,7&+��+�;�9� 4.0 mm x 4.0 mm 4.0 mm x 4.0 mm

3,;(/�$&7,9(�$5($ 3.9 x 3.2 mm2 3.9 x 3.2 mm2

180%(5�2)�&(//6�3(5�3,;(/�

&(//�6,=(

6396
59.4 x 32 μm2

3200
59.4 x 64 μm2

63(&75$/�5(63216(�5$1*( 380 nm – 700 nm 380 nm – 700 nm

3($.�6(16,7,9,7<�:$9(/(1*7+��OP) 420 nm 420 nm

3+2721�'(7(&7,21�()),&,(1&<��3'(��#�OP �3,;(/�/(9(/� 30 % 40 %

3,;(/�),//�)$&725��$/5($'<�,1&/8'('�,1�3'(� 54 % 74 %

7,/(�),//�)$&725� 75% 75%

'$5.�&2817�5$7(������&(//6�$&7,9(� ����0+]���SL[HO�DW�URRP�
temperature

����0+]���SL[HO�DW�URRP�
temperature

23(5$7,21$/�%,$6�92/7$*( �����������9 �����������9

7(03(5$785(�'(3(1'(1&(�2)�3'( ��������&�LQ�WKH�UDQJH�RI����&�
�����&

��������&�LQ�WKH�UDQJH�RI����&�
�����&

,175,16,&�7,0,1*�5(62/87,21* 44 ps 44 ps

Geometric factor: > 50% 
Tile fill factor: > 70% 
Dark Rate: < 5(7) MHz !
Disabling of individual cells 
Active quenching & recharge !
Integrated TDC [σ = 8 ps] 
Variable trigger [1-4 photons]

Heraeus Seminar Bad Honnef, May 23rd, 2013 

Philips Digital Photon Counting 

28 

Timing Resolution with Single Short LSO:Ca Crystals   
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CRT with dSiPMs and 3 x 3 x 5 mm3 LYSO crystals; dSiPM = DPC-3200-44-22 
[D. Schaart et al., SNM 2012]

CRT: σ ~ 50 ps



SiPM Response Simulation

Detailed model of SiPM response for  
arbitrary operation conditions ... 
Customizable SiPM properties ...  
Input parameters from basic  
characterization measurements ... 
Model for whole dynamic range  
including saturation region ...  
Integrable into Geant4 ...

2012 JINST 7 P08011
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Figure 11. Top: photon-counting resolution for low noise (0.5 V over-voltage). The dotted line shows the
resolution assuming no saturation effects. Bottom: contribution from the individual noise sources.
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Figure 12. Top: photon-counting resolution for high noise (1.0 V over-voltage). The dotted line shows the
resolution assuming no saturation effects. Bottom: contribution from the individual noise sources.
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GosSiP Framework: 
[2012 JINST 7 P08011]

MPPC [S10362-11-100C] 
Photon Counting Resolution !
[Simulated & Measured]

Vover =  1.0 V
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Nγ
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Figure 11. Top: photon-counting resolution for low noise (0.5 V over-voltage). The dotted line shows the
resolution assuming no saturation effects. Bottom: contribution from the individual noise sources.
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Figure 12. Top: photon-counting resolution for high noise (1.0 V over-voltage). The dotted line shows the
resolution assuming no saturation effects. Bottom: contribution from the individual noise sources.
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MPPC [S10362-11-100C] 
Photon Counting Resolution !
[Simulated & Measured]

Re
lat

ive
 R

es
ol

ut
io

n 
σ γ

/N
γ

Re
lat

ive
 R

es
ol

ut
io

n 
σ γ

/N
γ

Framework allows: 
Detailed studies and optimization of SiPM  
and combined scintillator/SiPM response ...

Vover =  0.5 V

[Eckert et al., 2012 JINST 7 P08011]
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