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Outline

Characterisation, why?

Measurements without light (noise)

Current-voltage characteristics

Dark-rate

Cross-talk & after-pulse probabilities

Measurements with light

Gain-voltage dependence

Photon detection efficiency

Surface uniformity tests
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Characterisation, why?

There are many different types of SiPM on the market

Precise information is needed in order to choose the best 
device for a certain application

Most manufacturers provide a data-sheet, however

Sometimes relevant information is missing

Manufacturer uses different definition of a property
(PDE with cross-talk & after-pulse)

Large device to device variations

Quality assurance for large scale experiments

Learn something about SiPMs
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IV measurement setup

4

ampere-meter

high

low

High Voltage
supply

SiPM

SiPM in light-proof box

Usually voltage source and current 
meter is combined in a single 
device

Measure SiPM current as a 
function of bias voltage (forward 
and reverse)

Determine the polarity of the SiPM

Always start with low voltages ~1V 
and monitor the current
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IV diagram
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Dark-rate
Electron hole pairs generated without the 
involvement of photons give rise to unwanted noise

Two processes

Thermal excitation

Field assisted excitation (tunneling)

Electron (hole) drifts into the high field region and 
causes avalanche breakdown

Resulting signal is indistinguishable from a photon 
induced signal 
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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 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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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

VOLUME 13, NUMBER 2, 2002 LINCOLN LABORATORY JOURNAL 339

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.
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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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Figure 29. Thermally (left) and field-assisted generation (right) of free carriers, which can trigger a break-

down.

6.2.5 Dark counts

A breakdown can be triggered by an incoming photon or by any generation of free carriers in the

depleted layer of a few micron thickness (figure 29). The latter produces dark counts with a rate of

100 kHz to several MHz per mm
2

at 25
◦
C and with a threshold at half of the one photon amplitude.

Two main processes are responsible for dark counts, thermally generated e-h pairs and so-called

field-assisted generation of free electrons.

Thermally generated free carriers can be reduced by cooling. There is a factor 2 reduction of

the thermally generated dark counts every 8
◦
C drop in temperature.

Field-assisted generation without the help of a phonon (trap-assisted tunneling [62, 63]) has,

compared to the thermal generation, a relatively small effect. It can only be reduced by operating

the G-APDs at a smaller electric field, thereby lowering the gain and reducing the PDE.

The dark counts can be influenced by the G-APD production process aiming to minimize the

number of generation-recombination centers (GR center), the impurities and crystal defects, which

give rise to the Shockley-Read-Hall process.

Dark count events can have amplitudes twice or even several times higher than the amplitude

of a single cell breakdown. The responsible effect, the optical crosstalk, will be discussed in the

next section.

The count rate falls dramatically when increasing the threshold of the readout electronics.

Each increase of the threshold by the equivalent of the 1 photo-electron amplitude reduces the

noise count rate by almost one order of magnitude (figure 30). When the threshold is set to a value

higher than the 4-photoelectron amplitude, the dark count rate is below 1 kHz.

In first order, the thermal generation of carriers is proportional to the depleted volume, which,

for every cell, is the area times the thickness of all the layers on top of the low-ohmic substrate. In

the p-type layers, the electrons and, in the n-type layers, the holes drift towards the high field region

of the junction. The electrons will trigger a breakdown with higher probability than the holes. In

standard p-on-n type G-APDs, the thickness of the p-layer is normally much thinner than in the

n-on-p G-APD (see figure 25). Consequently, the lowest rate of dark counts can be expected for

the p-on-n type G-APD (left pane of figure 25).

– 31 –

thermal excitation field assisted 
excitation
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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 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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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.
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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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Figure 29. Thermally (left) and field-assisted generation (right) of free carriers, which can trigger a break-

down.

6.2.5 Dark counts

A breakdown can be triggered by an incoming photon or by any generation of free carriers in the

depleted layer of a few micron thickness (figure 29). The latter produces dark counts with a rate of

100 kHz to several MHz per mm
2

at 25
◦
C and with a threshold at half of the one photon amplitude.

Two main processes are responsible for dark counts, thermally generated e-h pairs and so-called

field-assisted generation of free electrons.

Thermally generated free carriers can be reduced by cooling. There is a factor 2 reduction of

the thermally generated dark counts every 8
◦
C drop in temperature.

Field-assisted generation without the help of a phonon (trap-assisted tunneling [62, 63]) has,

compared to the thermal generation, a relatively small effect. It can only be reduced by operating

the G-APDs at a smaller electric field, thereby lowering the gain and reducing the PDE.

The dark counts can be influenced by the G-APD production process aiming to minimize the

number of generation-recombination centers (GR center), the impurities and crystal defects, which

give rise to the Shockley-Read-Hall process.

Dark count events can have amplitudes twice or even several times higher than the amplitude

of a single cell breakdown. The responsible effect, the optical crosstalk, will be discussed in the

next section.

The count rate falls dramatically when increasing the threshold of the readout electronics.

Each increase of the threshold by the equivalent of the 1 photo-electron amplitude reduces the

noise count rate by almost one order of magnitude (figure 30). When the threshold is set to a value

higher than the 4-photoelectron amplitude, the dark count rate is below 1 kHz.

In first order, the thermal generation of carriers is proportional to the depleted volume, which,

for every cell, is the area times the thickness of all the layers on top of the low-ohmic substrate. In

the p-type layers, the electrons and, in the n-type layers, the holes drift towards the high field region

of the junction. The electrons will trigger a breakdown with higher probability than the holes. In

standard p-on-n type G-APDs, the thickness of the p-layer is normally much thinner than in the

n-on-p G-APD (see figure 25). Consequently, the lowest rate of dark counts can be expected for

the p-on-n type G-APD (left pane of figure 25).
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Laboratory setup
Discriminator generates logic pulse 
if input signal passes threshold

Logic pulses are counted during 
fixed time interval -> calculate rate

Dark-noise depends on:

Temperature

Reverse bias voltage 
(tunnel probability)

Discrimination threshold

Automated with LABVIEW program
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Figure 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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Figure 12: Thermal noise rate of a HAMAMATSU S10362-

11-050C operated at Uover = 1.3V as a function of the dis-

criminator threshold. The noise rates at the 0.5, 1.5 and

2.5 photoelectron threshold are indicated by the horizontal

lines.

signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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Figure 13: Cross-talk probability for different SiPM sen-

sors as a function of the SiPM gain.

higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into

7

typical dark-rate & cross-talk setup

Light-proof box
(temperature controlled)
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are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.
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spline to the data and calculating the absolute value of
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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
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again after some delay which can last from nanoseconds
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by these pulses depends on the recovery state of the
corresponding pixel and can be calculated if the pixel
recovery time τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
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1 pe signal amplitude are generated; if the delay is larger
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nal is triggered. These signals cannot be separated from
genuine, photon-induced signals and thus deteriorate
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe
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spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
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values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
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SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal is triggered. These signals cannot be separated from
genuine, photon-induced signals and thus deteriorate
the photon-counting resolution.
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The experimental setup is similar to the one used for the
cross-talk determination (cf. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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Chapter 3

The SiPM Test Stand

There are several types of SiPMs from different manufacturers on the market, all with different
characteristics. A test stand has been developed [13] to compare and characterize the different
sensors in order to find the device best suited for a particular application like calorimetry in high
energy physics or positron emission tomography in medical imaging. This test stand allows to
determine the gain, dark-rate and relative spectral sensitivity as a function of the over-voltage.
In the context of this thesis, the test stand was largely enhanced in order to measure the cross-
talk and after-pulse probability and the PDE (without the effects of dark-rate, cross-talk and
after-pulses). Furthermore, the new setup allows to determine the temperature dependence
of different parameters and provides a setup allowing to study the spatial uniformity in the
response of the sensor. Besides this new features of the test stand, a central task of this thesis
was to automate the different measurements and data analysis in order to achieve a simpler
and faster characterization procedure.

!"#$%&' !"#$%(&)&*&+

Figure 3.1: Picture of the SiPM test stand. The setup for the gain, dark-rate, cross-talk and after-pulse
measurement is contained in a temperature chamber (setup 1). The setups for the PDE measurement
and the sensor scans are located in a large lightproof box (setups 2&3).
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Chapter 4 SiPM Characterization
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Figure 4.19: Breakdown voltage as a
function of the temperature.
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Figure 4.20: Gain as a function of the
temperature.
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Figure 4.21: Dark-rate as a function of
the temperature (1 V over-voltage).
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Figure 4.22: Cross-talk as a function of
the temperature (1 V over-voltage).
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Figure 4.23: After-pulse probability as
a function of the temperature (1 V over-
voltage).
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Figure 4.24: After-pulse trapping time
constants as a function of the temperat-
ure (1 V over-voltage).
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4.3 Crosstalk Measurements
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Figure 4.7: Measured dark-rate of the different sensors as a function of the over-voltage.

The dark-rate is generated by thermal and tunneling excitation of electrons in the active layer of
the SiPM (see chapter 2.2). Figure 4.7 shows that the dark-rate increases with the over-voltage.
This is due to the fact, that the probability for an electron to tunnel into the conduction band
increases with the applied electrical field in the depletion region (see equation 2.10). Further-
more, the probability for a free charge carrier to trigger an avalanche breakdown increases with
the bias voltage. The measurements show that the dark-rate of the HAMAMATSU MPPCs
increases with the pixel size since the overall depletion region of the sensor increases. The
SensL SiPMs have a much higher dark-rate than the MPPCs with respect to their pixel size.
This can be explained by the different doping profile of the devices. The SensL SiPMs have
a n-on-p doping structure which means that the depletion region consists of a thin n-layer on
top of a thick p-layer. An avalanche breakdown can be triggered by an electron generated in
the p-layer or a hole generated in the n-layer. The probability for an electron to trigger an
avalanche breakdown is higher than for holes due to the larger impact ionization coefficient
(see figure 2.6). For this reason, sensors with a n-on-p doping profile have in general a higher
dark-rate compared to devices with p-on-n structure since latter have only a thin p-layer. The
dark-rates of the two SensL SiPMs differ significantly, although the sensor are of the same type.
This behavior cannot be explained at the moment and needs further investigation.

4.3 Crosstalk Measurements

Optical cross-talk is another source of noise which affects the precision of the photon-counting
measurement. In section 4.1 a method is introduced to measure the number of photons without
the effects of cross-talk. However, this method is based on a statistical analysis and cannot
be applied to single measurements. Furthermore, the method can only be used for low photon
fluxes since it requires to determine the number of events in the pedestal. In this section two
methods are introduced to measure the cross-talk probability of a sensor.
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Dark-rate rises 
exponentially with the 
applied over-voltage

Dark-rate vs. over-voltage
at room temperature, 0.5pe threshold

-> reduce over-voltage
(this will lower the gain and 
the PDE!)
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Figure 31. Optical crosstalk in a G-APD (top, sketch from [71]) and a pulse height spectrum of events
triggered by one single carrier (bottom). Events where a second and even a third cell were fired are visible
as satellite peaks. The insert is the same histogram but with the vertical scale expanded by a factor of 20
(S10362-11-050C from Hamamatsu).

Figure 32. Optical crosstalk for 1× 1 mm2 G-APD produced by MEPHI/Pulsar, measured as the pulse
height distribution: no suppression (a); with suppression of the optical crosstalk (b) by grooves. Reprinted
from [73].

This effect was simulated by a reflector made of aluminized Mylar, which was mounted in front of
a G-APD from Hamamatsu (type PSI-11-100C operated at a gain of 2.4·106) in order to simulate
the emission into a crystal and reflection of the light at the other end of the crystal.

The peaks from dark counts with internal cross talk (2 or more cells fired) were enhanced by
∼18% (from 15.7% crosstalk probability to 18.6%) by reflected photons (figure 33). With a diffuse
reflector (8 layers of Teflon foil) the enhancement was ∼12%.

The effect was also measured with 2 G-APDs (Hamamatsu MPPC HC050) mounted face to
face (figure 34). The coincidence rate was determined as a function of the relative position of the 2
G-APDs. It amounts to some 1 kHz. The single G-APD dark count rate was 200 kHz [75].

The optical crosstalk depends strongly on the over-voltage and, consequently, on the gain,
shown in figure 35 for the G-APD Hamamatsu S10362-33-050C. The gain at an overvoltage of 1.1
V is 6·105. A reduction of the optical crosstalk for the same cell area and fill factor can only be

– 33 –

Threshold dependence (Optical cross-talk)
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typical oscilloscope picture (dark-rate)

?

Expected probability for two pixels firing at 
the same time (~5ns) very low

P2pixel ≈ νdark x δt = 1MHz x 5ns = 0.05%
But you see a O(10%) effect

Reason: optical cross-talk
A p-n junction in breakdown emits photons in 
the visible range (~ 3 x 10-5 per charge carrier*)
If they reach a neighboring pixel additional 
breakdown can be caused
Instantaneous effect!

* A. Lacaita, et al., IEEE Trans. Electron Devices ED-40 (1993) 577

How often do more than two pixels fire?
-> threshold scan
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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Figure 13: Cross-talk probability for different SiPM sen-

sors as a function of the SiPM gain.

higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a

]6Gain [10
0.5 1 1.5 2 2.5 3 3.5

C
ro

ss
-ta

lk
 p

ro
b.

 [%
]

0
5

10
15
20
25
30
35
40
45
50 S10362-11-100C

S10362-11-050C
SPMMICRO1020X13
S10362-11-025C

Figure 13: Cross-talk probability for different SiPM sen-

sors as a function of the SiPM gain.

higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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Figure 31. Optical crosstalk in a G-APD (top, sketch from [71]) and a pulse height spectrum of events
triggered by one single carrier (bottom). Events where a second and even a third cell were fired are visible
as satellite peaks. The insert is the same histogram but with the vertical scale expanded by a factor of 20
(S10362-11-050C from Hamamatsu).

Figure 32. Optical crosstalk for 1× 1 mm2 G-APD produced by MEPHI/Pulsar, measured as the pulse
height distribution: no suppression (a); with suppression of the optical crosstalk (b) by grooves. Reprinted
from [73].

This effect was simulated by a reflector made of aluminized Mylar, which was mounted in front of
a G-APD from Hamamatsu (type PSI-11-100C operated at a gain of 2.4·106) in order to simulate
the emission into a crystal and reflection of the light at the other end of the crystal.

The peaks from dark counts with internal cross talk (2 or more cells fired) were enhanced by
∼18% (from 15.7% crosstalk probability to 18.6%) by reflected photons (figure 33). With a diffuse
reflector (8 layers of Teflon foil) the enhancement was ∼12%.

The effect was also measured with 2 G-APDs (Hamamatsu MPPC HC050) mounted face to
face (figure 34). The coincidence rate was determined as a function of the relative position of the 2
G-APDs. It amounts to some 1 kHz. The single G-APD dark count rate was 200 kHz [75].

The optical crosstalk depends strongly on the over-voltage and, consequently, on the gain,
shown in figure 35 for the G-APD Hamamatsu S10362-33-050C. The gain at an overvoltage of 1.1
V is 6·105. A reduction of the optical crosstalk for the same cell area and fill factor can only be
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Figure 3.8: SiPM signal in the absence of Light. Signal pulses corresponding to one, two and three

pixels firing (photoelectrons) can be seen. The vertical division is 10 mV and on horizontal division is

5 ns.

Dead time correction

The used scaler module showed a dead time of τdead = 10ns. This means that two subsequent

pulses could be separated by the scaler if the time interval between them was larger than the

dead time interval. If the time difference was smaller than this value the subsequent pulse

was not recognised. Hence at high frequencies the measured rates are smaller than the real

dark-rate. Therefore the measured rates were corrected using the non extended dead time

formula (3.5). It assumes that the insensitive time is not extended if a second pulse appears

within the dead time generated by the first pulse.

Rreal =
r

1− r · τdead
(3.5)

where r is the measured dark-rate and Rreal represents the real (corrected) value.

Measurement Results

The dark rate was measured as a function of the applied over-voltage for the different SiPM

samples. Figure 3.9 shows the result for a discriminator threshold value corresponding to half

a single photoelectron signal (0.5pe). As expected the number of dark counts is increasing

with the over-voltage since the probability for an electron to tunnel into the conduction

band is rising with the applied electric field in the depletion region (see equation 2.12). The

measurements show that the dark-rate is increasing with increasing pixel size and the two

samples from SensL in general show a higher dark-rate then the devices from HAMAMATSU.

However, there are more measurements needed in order to explain the the exact shapes of

the curves; e.g. the flattening for high rates for the two SensL devices and the rise for high

over-voltages of the MPPCs.
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Noise probability density distribution
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Figure 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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Figure 12: Thermal noise rate of a HAMAMATSU S10362-

11-050C operated at Uover = 1.3V as a function of the dis-

criminator threshold. The noise rates at the 0.5, 1.5 and

2.5 photoelectron threshold are indicated by the horizontal
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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Figure 13: Cross-talk probability for different SiPM sen-

sors as a function of the SiPM gain.

higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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Figure 13: Cross-talk probability for different SiPM sen-

sors as a function of the SiPM gain.

higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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pulse measurements. For the after-pulse measurement the
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into

7

Replace scaler with a TDC 
(Time to Digital Converter)

time

am
p

lit
ud

e

0.5 pe
threshold

Δt



Alexander Tadday - Terascale SiPM Workshop - DESY Hamburg - 17.04.2011

After-pulse setup

17

Light-tight box

Amplifier Discriminator

LABVIEWHV

Scaler

Threshold

Pulse-Rate
Voltage Control

TDC
!t-Distributions

SiPM
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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Figure 13: Cross-talk probability for different SiPM sen-

sors as a function of the SiPM gain.

higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
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vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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Figure 14: After-pulse time difference distribution of

a HAMAMATSU S10362-11-050C at a bias voltage of

−70.6V. 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.

a TDC8 instead of a scaler module. The TDC is used
to measure the time difference, ∆t, between consecu-
tive SiPM pulses. A typical ∆t-distribution is shown in
Figure 14. For small values of ∆t the efficiency for de-
tecting an after-pulse is largely reduced due to the time
needed for pixel recovery and the dead time of discrim-
inator and TDC. For time differences with ξ(∆t) ≈ 1,
i.e. larger than 20 − 100 ns - depending on the sensor
type and the applied over voltage - the measured dis-
tribution can be fitted by a superposition of two expo-
nentials:

ntp(∆t) = Ntp/τtp · e−
∆t
τtp (5)

nap(∆t) = Napf/τapf · e
− ∆t

τapf +Naps/τaps · e
−∆t
τaps . (6)

Here, equation 5 describes the probability density for
thermal events, with the constant Ntp corresponding
to the integrated number of thermal signals and 1/τtp
representing the reduced dark count rate (without after-
pulses). The probability density for after-pulses is given
by equation 6. As already observed in [17], the fit qual-
ity can be significantly improved by using two differ-
ent time constants, τapf and τaps, 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 =

�∞
0 ξ · nap d∆t

�∞
0 ξ · (nap + ntp) d∆t

, (7)

where ξ, nap and ntp depend on ∆t. The function
ξ 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 time9 τr was taken from [18].

8CAEN V1290A, Multihit TDC
9100 pix. τr = 33ns, 400 pix. τr = 9ns, 1600 pix. τr = 4ns
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Figure 15: After-pulse probability as a function of the over

voltage measured for three different sensor types.

4.2 Results

The after-pulse probability as a function of the over
voltage is shown in Figure 15; it increases with increas-
ing Uover. The reason for this increase is again due to
the increase in gain. The second effect which gives rise
to the super-linear increase is as before caused by a rise
of the avalanche trigger probability.

For the tested SensL SPM, the measured dark-noise
time spectrum is well described by a thermal noise con-
tribution only (equation 5). Hence, the determined
after-pulse probability is negligible small. This is in-
duced by the relatively long pixel recovery time of the
device causing that trapped charge carriers which are
successively released do not generate after-pulses.

5 Uniformity Scans

By raster scanning the active area of SiPMs with a small
laser spot the spatial uniformity of the devices is stud-
ied. A similar measurement focussing on the spatial
variance of the photon sensitivity for different SiPM
types was performed in [19]. The method presented
here also allows to determine the uniformity in gain as
well as a position dependent cross-talk probability.

The experimental setup used for the uniformity stud-
ies is schematically depicted in Figure 16. A laser diode
generates short light pulses of about 2 ns length which
are split by a beam splitter into two separate beams.
One of the beams is monitored by a photodiode for
long term intensity variations while the other passes a
spatial filter and is focussed onto the active area of a
SiPM.

5.1 Experimental Setup

The SiPM is installed inside an aluminium box mounted
on a xy-positioning stage such that it can be scanned
by the light spot with 1µm precision. The box shields
the SiPM from electrical noise mainly caused by the
operation of the positioning stage. At each geometrical
position a charge histogram (Fig. 17) with 10,000 en-
tries is recorded and evaluated using the same analysis
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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 QSignal is the sum of the individual pixel signals Qpixel:

QSignal = Nfire · Qpixel

where Nfire 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 Nγ to hit

a certain number of pixels, the response Nfire (number of pixels fired) can be described by the

following formula [26]:

Nfire = Ntotal · (1− e
−PDE·Nγ

Ntotal ) (2.7)

where Ntotal is the total number of pixels and PDE denotes to the photon detection efficiency.

The relation is illustrated in figure 2.14.

Photon Detection Efficiency

The photon detection efficiency (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

25
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Chapter 4 SiPM Characterization
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Figure 4.17: ”Effective” after-pulses probability measured at a temperature of 25.0 ± 0.1 ◦C. The
measured points are fitted by a function proportional to V 2

over.
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Figure 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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Figure 12: Thermal noise rate of a HAMAMATSU S10362-
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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Figure 13: Cross-talk probability for different SiPM sen-

sors as a function of the SiPM gain.

higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.

3.2 Cross-talk Results

The measured cross-talk probability as a function of the
SiPM gain is shown in Figure 13 for the tested SiPM de-
vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal 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. Figure 11). The only dif-
ference is that the discriminator signals are now fed into
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.
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vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal is triggered. These signals cannot be separated from
genuine, photon-induced signals and thus deteriorate
the photon-counting resolution.
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signal all SiPM thermal or field mediated excitations
are counted; this corresponds to the dark rate, ν0.5 pe.
By measuring the count rate above a 1.5 pe threshold,
ν1.5 pe, only events with one or more additional, cross-
talk induced avalanche are taken into account. The
ratio Pc = ν1.5 pe/ν0.5 pe measures the cross-talk proba-
bility.

To determine the cross-talk probability as a func-
tion of the over voltage, several threshold spectra are
recorded at different Uover settings. The rates ν0.5 pe

and ν1.5 pe are determined automatically by fitting a
spline to the data and calculating the absolute value of
its derivative; this corresponds to the pulse-hight spec-
trum of thermal noise events. The first local minima
of these spectra indicate the 0.5 pe and 1.5 pe threshold
values at which the count rates ν0.5 pe and ν1.5 pe are
determined. The measurement uncertainty is roughly
estimated by varying the threshold by 50% of the the
plateau width.
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The measured cross-talk probability as a function of the
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vices; as expected, it increases with increasing gain and
thus increasing over voltage Uover (cf. Figure 5). If more
charge carriers traverse the pn-junction, more photons
are produced during the breakdown process yielding a
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higher cross-talk probability; this effect is additionally
enhanced by a larger avalanche trigger efficiency, �trigger
which also rises with Uover.

Comparing the cross-talk probability of the three
MPPCs with different cell sizes at constant gain val-
ues, 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
�trigger at constant gain and by the longer average dis-
tance 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 τr is known: ξ(∆t) = 1 − exp(−∆t/τr).
If the time delay with respect to the preceding pulse,
∆t, is short, only pulses with small, i.e. smaller than the
1 pe signal amplitude are generated; if the delay is larger
than the pixel recovery time, a standard avalanche sig-
nal is triggered. These signals cannot be separated from
genuine, photon-induced signals and thus deteriorate
the photon-counting resolution.
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contrast to the setup in [6], the one described here uses

a NIST certified calibrated photodiode as reference and

allows PDE measurements over a wide spectral range

from 350 to 1000 nm in 10 nm steps (see section 2.3).

In addition, the measurements presented here correctly

take the wavelength dependent power ratio (cf. Table 1

and Figure 6) into account which improves the accuracy

of the results.

2.2 Statistical Analysis

The integrated charge values measured by the QDC are

filled into a histogram as shown in Figure 3. Each of

the observed peaks corresponds to a certain number of

fired pixels (photoelectrons). The number of photons in

a light pulse is expected to be Poisson distributed. The

observed photoelectron distribution is distorted due to

optical cross-talk and after-pulses. The area of the first

peak (Figure 3, shaded region) is, however, unaffected

by the cross-talk and after-pulsing. It indicates the

number of events, Nped, in which exactly zero photons

have been measured and can be used to determine the

PDE without any bias from these two effects. The num-

ber of photoelectrons npe can be determined from Nped

using:

P (0, npe) = e−npe

→ npe = −ln (P (0, npe))

= −ln

�
Nped

Ntot

�
+ ln

�
Ndark

ped

Ndark
tot

�
. (2)

Here, P (0, npe) is the probability to detect zero pho-

tons given by a Poisson distribution with mean npe, and

Ntot represents the total number of events in the spec-

trum. Nped is determined by fitting a Gaussian function

to the pedestal peak and integrating it in a ±3 σ inter-

val around the mean value (cf. Figure 3). The second

term in equation 2 accounts for the number of detected

photoelectrons due to the thermal noise rate. In order

to measure Ndark
ped , which is represented by the shaded

area in Figure 4, the light source was switched off and

the QDC readout was triggered arbitrarily.

The PDE is then calculated from npe considering

the power ratio R0.6, the period of the light pulses,

T = 30µs, and the optical power , Popt, measured with

the calibrated photodiode:

PDE =
npe · R0.6/T

Popt/(h · ν)
. (3)

Where h is Planck’s constant and ν is the frequency

of the incoming light.

The PDE value varies with the SiPM bias voltage,

Ubias. In order to quote the Photon Detection Efficiency

as a function of the over voltage, Uover = Ubias−Ubreak,

the break down voltage, Ubreak, has to be determined.

This is done by measuring the SiPM gain as a func-

tion of Ubias using the same photon spectra (Fig. 3) as

for the PDE measurements. Hence, photon spectra are

recorded for a defined range of bias voltage, and for

each bias voltage setting the gain is extracted from the
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Figure 3: Single Photoelectron spectrum recorded for an
MPPC with 1600 pixels. Each peak corresponds to a certain
number of photoelectrons (pe).
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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: 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

VOLUME 13, NUMBER 2, 2002 LINCOLN LABORATORY JOURNAL 339

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.
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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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Chapter 4 SiPM Characterization
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Figure 4.19: Breakdown voltage as a
function of the temperature.
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Figure 4.20: Gain as a function of the
temperature.
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Figure 4.21: Dark-rate as a function of
the temperature (1 V over-voltage).
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Figure 4.22: Cross-talk as a function of
the temperature (1 V over-voltage).

Temperature [°C]
-10 -5 0 5 10 15 20 25 30

A
fte

r-
pu

ls
e 

Pr
ob

. [
%

]

0
5

10
15
20
25
30
35
40
45
50 S10362-11-050C No163

S10362-11-100C No180

Figure 4.23: After-pulse probability as
a function of the temperature (1 V over-
voltage).
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Figure 4.24: After-pulse trapping time
constants as a function of the temperat-
ure (1 V over-voltage).

66

Temperature coefficient 

(constant bias voltage)

Large pixel capacitance causes 
large temperature dependence

Interaction with phonons (vibrations) 
slows down the charge carriers

 -> Higher field needed for breakdown



Alexander Tadday - Terascale SiPM Workshop - DESY Hamburg - 17.04.2011

Photon detection efficiency
Definition:

In case of a SiPM:
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depends on Uover and position (λ) 
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Figure 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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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

VOLUME 13, NUMBER 2, 2002 LINCOLN LABORATORY JOURNAL 339

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].
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single photon
detection cross-talk after-pulse

How many photons 
have been detected?

This is what you
 observe (3 pixels)

If this effect is not considered in the measurement you will measure too large 
values for the PDE (values larger than one possible)

➟ Need a method which is insensitive to cross-talk and after-pulses
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Figure 1: Schematic layout of the PDE measurement
setup.

sure the wavelength dependent relative spectral sensi-

tivity. Corresponding results are discussed at the end

of the section.

2.1 Absolute PDE Measurement

The layout of the experimental setup is shown in Figure

1; it is controlled by a LABVIEW program to automate

the necessary measurement steps. The setup uses an in-

tegrating sphere
1

(Figure 2) to distribute an incoming

beam of light between the SiPM and a NIST
2

certified

calibrated photodiode used to determine the absolute

amount of light which reaches the SiPM. The sphere’s

cavity has a diameter of 10 cm and the inner walls are

coated with highly diffuse reflective material. This al-

lows to define a reference light source whose output

characteristics (light power and angular distribution)

do not depend on the direction and intensity profile of

the incoming beam of light. Two exit ports are attached

to the sphere where the calibrated photodiode (Port 1)

and the SiPM (Port 2) can be installed. In order to

guarantee that all light enters the 1 mm
2

active area of

the SiPM, it is placed behind an aperture of 0.6 mm di-

ameter. In order to align the SiPM with respect to the

aperture, the device is placed on a movable stage such

that its optimal position can be found by moving it in

the xy-plane until the observed signal is maximal.

While the SiPM is placed behind an aperture the

calibrated sensor is directly mounted to Port 1 of the

sphere; consequently, the amount of light reaching the

photodiode is much larger than that entering the SiPM.

Hence, a power ratio R0.6 = P1/P2 is defined, which has

to be determined experimentally. This is done by com-

paring the amount of light measured with the calibrated

photodiode when it is directly mounted to Port 1, to the

situation where it was placed behind the 0.6 mm aper-

ture of Port 2. The ratio was measured for different

light sources, two laser diodes and two LEDs with dif-

ferent emission wavelengths. The results are shown in

Table 1.

1Newport Corporation, Model 819D-SL-3.3
2National Institute of Standards and Technology

Light source Central wavelength [nm] Ratio R0.6

LED 465 4200± 20

Laser diode 633 3852± 18

Laser diode 775 4328± 7

LED 870 4625± 55

Table 1: Measured power ratios for an aperture of
∅ 0.6mm at Port 2. The uncertainties were estimated by
measuring the power ratio several times for each wavelength
and calculating the standard deviation.

Incoming 

beam of light

SiPM

Aperture

Calibrated

photodiode

(port 1)

Port 2

Figure 2: Schematic view of the integrating sphere used
in the experimental setup. The connection port of the cali-
brated photodiode (Port 1) is indicated by the dashed circle.
The angle between the individual ports is 90◦, respectively.
The dashed lines represent the field of view of the SiPM.

The large values measured for R0.6 have the advan-

tage that they partially compensate the different sensi-

tivities of the calibrated photodiode and the SiPM, as

the SiPM with its much higher gain is capable of detect-

ing single photons, whereas the photodiode (Gain = 1)

only generates a measurable output for much higher

light intensities.

The emission spectra of the laser-diodes and LEDs

in Table 1 are determined by placing them in front of

a monochromator and measuring the light intensity at

the output as a function of the wavelength. The FWHM

of these spectra are found to be less than 5 nm for the

laser diodes and between 10 to 20 nm for the LEDs.

For the PDE measurements the laser diodes and

LEDs are operated in a pulsed mode (∼ 2 ns pulse

width) driven by a pulse generator. The SiPM output

signal is amplified by a factor of 50 using a fast volt-

age amplifier
3
; the charge is measured by a QDC

4
with

its integration gate set between 50 to 100 ns depending

on the pulse shape of the tested SiPM device such that

coverage of the full output signal is guaranteed.

Similar setups using integrating spheres for determin-

ing SiPM PDEs have been previously used [5,6] . In [5] a

pulse counting method is used to determine the PDE. In

3Phillips Scientific, Model 774
4LeCroy Model 2249, Charge integrating ADC

2
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Figure 14: After-pulse time difference distribution of a HAMAMATSU
S10362-11-050C at a bias voltage of −70.6 V. The distribution is well repre-
sented 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 distribu-
tion.

the time needed for pixel recovery and the dead time of dis-371

criminator and TDC. For time differences with ξ(∆t) ≈ 1, i.e.372

larger than 20 − 100 ns - depending on the sensor type and the373

applied over voltage - the measured distribution can be fitted by374

a superposition of two exponentials:375

ntp(∆t) = Ntp/τtp · e−
∆t
τtp (5)

nap(∆t) = Napf/τapf · e
− ∆t
τapf + Naps/τaps · e

−∆t
τaps . (6)

Here, equation 5 describes the probability density for thermal376

events, with the constant Ntp corresponding to the integrated377

number of thermal signals and 1/τtp representing the reduced378

dark count rate (without after-pulses). The probability density379

for after-pulses is given by equation 6. As already observed380

in [17], the fit quality can be significantly improved by using381

two different time constants, τapf and τaps, one describing a fast382

component of after-pulse generation and the other a slow one.383

Napf and Naps correspond to the integrated number of fast and384

slow after-pulses, respectively. The after-pulse probability is385

then given by:386

Pap =

� ∞
0 ξ · nap d∆t

� ∞
0 ξ · (nap + ntp) d∆t

, (7)387

where ξ, nap and ntp depend on ∆t. The function ξ takes into388

account that trapped electrons which are released prior to com-389

plete pixel recovery have a smaller contribution to the after-390

pulse probability. Since the left part of the spectrum (cf. Fig.391

14) was not used in the fit, the recovery time9 τr was taken from392

[18].393

4.2. Results394

The after-pulse probability as a function of the over voltage395

is shown in Figure 15; it increases with increasing Uover. The396

9100 pixel: τr = 33 ns, 400 pixel: τr = 9 ns, 1600 pixel: τr = 4 ns

 [V]overU
0.5 1 1.5 2 2.5 3 3.5

A
fte

r-
pu

lse
 p

ro
b.

 [%
]

0

10

20

30

40

50

S10362-11-025C

S10362-11-050C

S10362-11-100C

Figure 15: After-pulse probability as a function of the over voltage measured
for three different sensor types.

reason for this increase is again due to the increase in gain. The397

second effect which gives rise to the super-linear increase is as398

before caused by a rise of the avalanche trigger probability.399

For the tested SensL SPM, the measured dark-noise time400

spectrum is well described by a thermal noise contribution only401

(equation 5). Hence the determined after-pulse probability is402

negligible small. This is induced by the relatively long pixel403

recovery time of the device causing that trapped charge carriers404

which are successively released don’t generate after-pulses.405

5. Uniformity Scans406

By raster scanning the active area of SiPMs with a small laser407

spot the spatial uniformity of the devices is studied. A similar408

measurement focussing on the spatial variance of the photon409

sensitivity for different SiPM types was performed in [19]. The410

method presented here also allows to determine the uniformity411

in gain as well as a position dependent cross-talk probability.412

5.1. Experimental Setup413

The experimental setup used for the uniformity studies is414

schematically depicted in Figure 16. A laser diode generates415

short light pulses of about 2 ns length which are split by a beam416

splitter into two separate beams. One of the beams is moni-417

tored by a photodiode for long term intensity variations while418

Alexander Tadday, 25.06.2009, PD09 Workshop Matsumoto
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x
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Figure 16: Schematic view of the experimental setup for raster scanning SiPMs.
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Accuracy: 1μm

• Move spot over SiPM surface

• QDC readout (30ns gate)

10,000 events per geom. position

• 3μm step size ⇒ 123,000 positions

• Total time (1×1mm2): ≈100h

Spot ∅≲5μm

1m
m
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Figure 17: Sample charge histogram recorded for the uniformity scan measure-
ment. The shaded area indicates the number of cross-talk events.

above the pedestal:416

Ppx
c =

Nc − N1pe · (Ndark
tot /N

dark
ped − 1)

Nc + N1pe
. (8)417

The second term in the numerator is a correction which ac-418

counts for the cross-talk events caused by thermal noise (cf.419

equation 2 and Fig. 4), and N1pe represents the number of events420

in the 1 pe peak. Without optical cross-talk, only 1 pe events421

would be expected as only single pixels are illuminated and the422

width of the light pulses is kept much smaller than the pixel423

recovery time. The fact that also 2 pe, 3 pe etc. events are ob-424

served proves the existence of an optical cross-talk probability425

which is described by equation 8. For the measurement a short426

QDC gate of about 30 ns was chosen in order to keep the influ-427

ence of fast after-pulses small.428

5.2. Uniformity Scan Results429

The results of the uniformity scan measurement for two dif-430

ferent SiPM devices are shown in Figures 18-21; they show a431

high degree of homogeneity. Variations of about 10 % to 20 %432

are observed in gain and sensitivity.433

For the cross-talk probability a clear dependence on the geo-434

metrical position is observed; it is small for pixels at the edge of435

the active area and gets substantially larger when moving into436

the centre of the device. This is due to the different number of437

neighbouring pixels: the more neighbours the higher the prob-438

ability to induce an additional avalanche breakdown in one of439

them. For the devices with 50 and 100 µm pitch an additional440

variation on the single pixel scale is observed.441

For the gain and single pixel cross-talk measurement a cut442

on 50 % sensitivity has been applied in order two guarantee a443

well-defined position determination. For low sensitivities - as it444

is given between pixels - the actual position of the firing primary445

pixel is unknown, which would prevent a reliable measurement.446

6. Conclusion and Discussion447

An experimental test environment has been designed to de-448

termine the characteristics of Silicon Photomultipliers. The449

SiPM properties addressed here are the cross-talk and after-450

pulse corrected Photon Detection Efficiency in the spectral451

range between 350 and 1000 nm, the probability of cross-talk452

and after-pulse occurrence, and the spatial uniformity for sen-453

sitivity, gain and cross-talk. The presented measurement setups454

are and will be used to compare these properties for various455

SiPMs on the market in order to identify suitable sensors for456

applications in high-energy physics calorimetry, medical imag-457

ing and elsewhere.458

Characteristics of several SiPM sensors from459

HAMAMATSU and SensL with maximum sensitivity in460

the blue and the green spectral region are presented and461

compared. The measured wavelengths of maximal PDE are462

consistent with those quoted by the producer. Cross-talk and463

after-pulse probabilities increase with the applied bias voltage464

and pixel capacitance as expected. In addition, all devices465

tested show a good spatial uniformity of sensitivity and gain.466

The position dependent cross-talk probability was found to be467

higher in the centre of a device than at its edges, compatible468

with the number of neighbouring pixels.469
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MPPC 400 pixels

41
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MPPC 1600 pixels

42

High uniformity in sensitivity, gain 
and cross-talk probability
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Enjoy the hands-on sessions!
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Saturation function
The maximum number of photons that can be detected is fundamentally limited by the 
total number of pixels Ntotal

More pixels -> Higher dynamical range, but also smaller geometrical efficiency and 
smaller gain

If the recovery time of a cell is smaller than
the width of the light pulse, pixels can fire 
multiple times which causes a larger number 
of “effective” pixels

Equation above not valid anymore (correction difficult)

2009 JINST 4 P04004

Figure 19. Nonlinear response to a 40 ps laser light signal for G-APDs with different number of cells.
Reprinted from [57].

gain of G-APDs is, on one hand, more or less fixed for a given structure, mainly by the area and by
this the capacitance of the individual cells and, on the other hand, set by the overvoltage VOV (VOV

= Vbias – Vbreakdown = V — Vb). Any change of the bias voltage will change the gain and, at the
same time, will therefore have a serious influence on the PDE (see section 6.2.4 for a detailed dis-
cussion). Often, the limitations by optical crosstalk and variations in gain will limit the achievable
PDE well below the QE. Ignoring this correlation and the subsequent reduction in PDE can lead to
misunderstandings of the performance of G-APDs.

6.2.2 Sensitivity of the gain to the bias voltage stability

The G-APD signal stability depends mainly on a) the stability of the applied bias and b) on temper-
ature changes (see next section). To describe the dependence of the G-APD response on the bias
voltage one can introduce a voltage dependent coefficient kV (V) as follows:

kV (V ) =
1
A

· dA

dV
· 100% (6.4)

Examples of the voltage dependence are shown in figure 20. The amplitude A of the signals of 2
G-APDs from Hamamatsu and Photonique/CPTA have been measured and the coefficients derived
(figure 20) [58]

For precision measurements, the voltage has to be regulated at the diode and not before the
bias resistor to avoid gain drops due to large temporary light signals, resulting in current changes
in the resistor and, in turn, a voltage drop.

6.2.3 Temperature dependence of the gain

The breakdown voltage of a silicon diode depends strongly on the temperature because of the
interactions of the carriers with phonons. Almost all parameters of a G-APD are a function of the
overvoltage V-Vb. Here we discuss the influence of temperature changes on the gain. Similar to
the coefficient kV (V), which describes the dependence on the bias voltage we define:

kT (V ) =
1
A

· dA

dT
· 100% (6.5)

– 25 –

V. Andreev et. al., A high granularity scintillator hadronic-calorimeter with SiPM 
readout for a linear collider detector, Nucl. Instrum. Meth. A 540 (2005) 368
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Dark-rate Correction

The number of photoelectrons 
needs to be corrected for the 
dark-rate.
 ➔ Acquire dark-rate spectrum 
at each voltage value. 
Correction factor α: 
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Measurement of Power-ratio

Optometer

Laser 
Diode (λ)

Calibrated Sensor
NIST-Traceable

The Power-ratio R is measured 
by moving the calibrated sensor 
from port 1 to port 2 and 
backwards

Port 1
~1cm2

Port 2
∅=0.6mm

Type λ [nm] R0.6mm ΔR

Laserdiode 633 3852 18

Laserdiode 775 4328 7

LED 465* 4200 20

LED 870* 4625 55

48

R =
PPort1

PPort2

*Peak emission 
wavelength of 

LED
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SiPM Positioning

• All light should hit the active 
SiPM-Surface.

• ∅=0.6mm aperture was used 
for measurements with pulsed 
laser-diodes.

• Plateau on top allows  
reproducible positioning at 
maximum

Place SiPM here
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SiPM

aperture
∅=0.6mm


