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• Complete test setup for SiPM measurements  
has been established

• Dark-rate (T)

• Cross-talk probability (T)

• After-pulse probability (T)

• PDE measurement

• Uniformity scans

• Photon counting resolution

Overview
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by a QDC
4

with its integration gate set between 50 to 100 ns115

depending on the pulse shape of the tested SiPM device such116

that coverage of the full output signal is guaranteed.117

Similar setups using integrating spheres for determining118

SiPM PDEs have been previously used. In [6] a pulse count-119

ing method is used to determine the PDE. In contrast to the120

setup in [5], the one described here uses a NIST certified cali-121

brated photodiode as reference and allows PDE measurements122

over a wide spectral range from 350 to 1000 nm in 10 nm steps123

(see section 2.3). In addition, the measurements presented here124

correctly take the wavelength dependent power ratio (cf. Table125

1 and Figure 6) into account which improves the accuracy of126

the results.127

2.2. Statistical Analysis128

The integrated charge values measured by the QDC are filled129

into a histogram as shown in Figure 3. Each of the observed130

peaks corresponds to a certain number of fired pixels (photo-131

electrons). The number of photons in a light pulse is expected132

to be Poisson distributed. The observed photoelectron distri-133

bution is distorted due to optical cross-talk and after-pulses.134

The area of the first peak (Figure 3, shaded region) is, how-135

ever, unaffected by the cross-talk and after-pulsing. It indicates136

the number of events, Nped, in which exactly zero photons have137

been measured and can be used to determine the PDE without138

any bias from these two effects. The number of photoelectrons139

npe can be determined from Nped using:140

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 photons given141

by a Poisson distribution with mean npe, and Ntot represents the142

total number of events in the spectrum. Nped is determined by143

fitting a Gaussian function to the pedestal peak and integrating144

it in a ±3σ interval around the mean value (cf. Figure 3). The145

second term in equation 2 accounts for the number of detected146

photoelectrons due to the thermal noise rate. In order to mea-147

sure Ndark

ped
, which is represented by the shaded area in Figure148

4, the light source was switched off and the QDC readout was149

triggered arbitrarily.150

The PDE is then calculated from npe considering the power151

ratio R0.6, the period of the light pulses, T = 30 µs, and the152

optical power , Popt, measured with the calibrated photodiode:153

PDE =
npe · R0.6/T
Popt/(h · ν)

. (3)154

Where h is Planck’s constant and ν is the frequency of the in-155

coming light.156

The PDE value varies with the SiPM bias voltage, Ubias. In157

order to quote the Photon Detection Efficiency as a function of158

4
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Figure 3: Single Photoelectron spectrum recorded for an MPPC with 1600 pix-

els. Each peak corresponds to a certain number of photoelectrons (pe).
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Figure 4: Thermal noise spectrum, recorded for an MPPC with 1600 pixels.

The shaded area corresponds to the number of pedestal events.
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Figure 5: Gain curve for an MPPC with 1600 pixels. The breakdown voltage

can be calculated by extrapolating the curve to zero gain.
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can be calculated by extrapolating the curve to zero gain.
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PDE vs. Uover
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Spectral Sensitivity
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PDE Scaling
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PDE Results: MPPC
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PDE Results: KETEK
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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
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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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Figure 16: Schematic view of the experimental setup for raster scanning SiPMs.
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Single Pixel Spectrum
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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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Alexander Kaplan and Felix Sefkow for the good cooperation473

and the inspiring discussions.474

References475

[1] V. Andreev et al., Nucl. Instr. and Meth. A 564 (2006) 144-154.476

[2] A. Biland et al., Nucl. Inst. and Meth. A 595 (2008) 165-168.477

[3] S. Moehrs et al., Phys. Med. Biol. 51 (2006) 1113-1127.478

[4] D. Renker, E. Lorenz, JINST 4 P04004 (2009).479

[5] A. N. Otte et al., Nucl. Instr. and Meth. A 567 (2006) 360-363.480

[6] Nucl. Instr. and Meth. A 610 (2009) 93-97.481

[7] S. Uozumi et al., Nucl. Instr. and Meth. A 581 (2007) 427-432.482

[8] W. G. Oldham et al., IEEE Trans. Electron Dev.19 (1972) 1056-1060.483

[9] R. Newman et al., Phys. Rev. 100 (1955) 700 - 703.484

[10] A. Lacaita et al., IEEE Trans. Electron Dev. 40 (1993) 577-582.485

[11] Y. Du, F. Retière, Nucl. Instr. and Meth. A 596 (2008) 396-401.486

[12] H. Oide et al., PoS(PD07)008 (2007).487

[13] R. Pestotnik et al., Nucl. Instr. and Meth. A 581 (2007) 457-560.488

9



Alexander Tadday - CALICE Meeting - March 2010 - Arlington

MPPC 100 pixels

14

• High uniformity in 
sensitivity and gain
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dependence
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MPPC 400 pixels
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MPPC 1600 pixels

16

• High uniformity in 
sensitivity, gain and 
cross-talk probability



Photon Counting 
Resolution

Combining the results of PDE, dark-rate, cross-talk 
and after-pulse measurements
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4.8 Photon-counting Resolution
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Figure 4.36: Squared relative photon-counting resolution of the HAMAMATSU S10362-11-050C No163

for one (left) and ten incident photons (right).
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Figure 4.37: Squared relative photon-counting resolution of the HAMAMATSU S10362-11-025C No132

for one (left) and ten incident photons (right).
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Figure 4.38: Squared relative photon-counting resolution of the SensL SPMMicro1020X13 No4 for one

(left) and ten incident photons (right).
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Figure 4.36: Squared relative photon-counting resolution of the HAMAMATSU S10362-11-050C No163

for one (left) and ten incident photons (right).
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Figure 4.37: Squared relative photon-counting resolution of the HAMAMATSU S10362-11-025C No132

for one (left) and ten incident photons (right).
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Figure 4.38: Squared relative photon-counting resolution of the SensL SPMMicro1020X13 No4 for one

(left) and ten incident photons (right).
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Summary
• Test stand for SiPM measurements has been established

• Complete characterization

• Dark-rate, cross-talk, after-pulse prob.

• Temperature dependence

• Photon detection efficiency (350 - 1000nm)

• Photon counting resolution

• Uniformity scans

19
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Photon Counting

21

4.8 Photon-counting Resolution

where PCT and PAP represent the cross-talk and after-pulse probability. The fluctuations in

the number of cross-talk and after-pulse events is given by:

σNCT =

�
(�NPDE�+ �NDR�) · PCT (1− PCT ) (4.27)

σNAP =

�
(�NPDE�+ �NDR�) · PAP (1− PAP ) (4.28)

Considering all effects described above, the standard deviation of the measured SiPM signal is

given by:

σSignal =

�
σ2

NPDE
+ σ2

NCT
+ σ2

NAP
+ σ2

NDR
(4.29)

The electronic and excess noise of the sensor also contribute to the standard deviation of the

signal. However, the excellent separation of the single photon peaks in the charge spectrum

shows that both effects are small compared to the signal of a firing pixel (gain) and can therefore

be neglected in the following calculations. Having individually determined the PDE, dark-rate,

cross-talk and after-pulse probability, the incident number of photons can be reconstructed from

the measured SiPM signal with the following formula:

Nγ =
NSignal − �NCT � − �NAP � − �NDR�

PDE
(4.30)

The standard deviation of the reconstructed number of photons is:

σNγ =
σNSignal

PDE
(4.31)

which leads to a relative photon-counting resolution of:

σNγ

Nγ
=

σNSignal

Nγ · PDE
=

�
σ2

NPDE
+ σ2

NCT
+ σ2

NAP
+ σ2

NDR

Nγ · PDE
(4.32)

=
A

Nγ
⊕ B�

Nγ
(4.33)

where

A =

�
DR · ∆t(1 + PCT (1− PCT ) + PAP (1− PAP ))/PDE

describes the component resulting from dark-rate pulses and

B =

�
(1− PDE) + PCT (1− PCT ) + PAP (1− PAP )/

√
PDE

corresponds to the fluctuations originating from events triggered by photon absorption. Both

contributions are effected by after-pulses and cross-talk.

The photon-counting resolution can be determined using the results (i.e. PDE, dark-rate, cross-

talk and after-pulse probability) of the measurements described in the previous sections. In

the following monochromatic photons with a wavelength of 645 nm and an integration time

of ∆t = 300 ns matching the approximate bunch crossing time at the ILC were assumed for

the calculations. In principle this requires the after-pulse probability to be calculated for this

specific time interval. However, the after-pulse probability for ∆t > 300 ns is negligible small

due to the characteristic trapping time of < 150 ns (see figure 4.13). For this reason the after-

pulse probability for an infinite integration time (as calculated in section 4.4) was used. For
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the sensor therefore have a reduced probability to be absorbed in a nearby pixel. It can be

observed (in particular for the 100 µm device) that the cross-talk probability varies within a

single pixel, i.e. the cross-talk probability is increased if the incident photon is absorbed near

the border of a pixel. This could mean that the avalanche does not spread uniformly over the

hole device because otherwise a uniform cross-talk behavior would be expected. If the avalanche

is more pronounced at the position where the photon was absorbed the observed behavior can

be explained.

4.8 Photon-counting Resolution

The photon-counting resolution is one of the most important properties of a SiPM. If the SiPM

is used for the detection of scintillation light like in calorimetric applications or PET, it is one

of the limiting factors for the energy resolution of the detector. The photon-counting resolution

is determined by the photon detection efficiency and noise generated by cross-talk, after-pulses,

and dark-noise. In the following, the contributions of the different effects to the photon-counting

resolution will be determined for the linear range of the sensor (Nγ � Npixels).

Assuming an ideal sensor with no cross-talk, after-pulses and dark-rate, the photon-counting

resolution is limited by the fluctuations in the number of detected photons. Considering a fixed

number of incident photons Nγ , the probability to detect a certain number of photons NPDE

is described by a binomial distribution:

BPDE(NPDE) =

�
Nγ

NPDE

�
PDENPDE · (1− PDE)

Nγ−NPDE (4.23)

The photon-counting resolution is then given by the standard deviation of the binomial distri-

bution:

σNPDE =

�
Nγ · PDE(1− PDE) (4.24)

The mean number of detected photons is given by:

�NPDE� = Nγ · PDE

For a real sensor, another limiting factor for the resolution is the dark-rate. The probability to

have a certain number of dark-rate events NDR within a certain charge integration time ∆t is

given by a Poisson distribution with the expectation value �NDR� = DR · ∆t where DR is the

dark-rate in Hz. The fluctuations in the number of dark-rate events is given by the standard

deviation:

σNDR =

√
DR · ∆t

Furthermore, the fluctuations in the number of cross-talk and after-pulse events have to be

taken into account. Each detected photon or dark-rate event can trigger an additional avalanche

breakdown due to cross-talk or after-pulsing. In the following calculations it is assumed that one

firing pixel may only trigger one cross-talk or one after-pulse event. All higher order events are

neglected since P 2
CT , P 2

AP , PCT · PAP are small. If �NPDE�+ �NDR� pixels fired, the probability

for a certain number of cross-talk events NCT and after-pulse events NAP is again described by

a binomial distribution:

BCT (NCT ) =

�
�NPDE�+ �NDR�

NCT

�
PNCT

CT · (1− PCT )
�NPDE�+�NDR�−NCT (4.25)

BAP (NAP ) =

�
�NPDE�+ �NDR�

NAP

�
PNAP

AP · (1− PAP )
�NPDE�+�NDR�−NAP (4.26)
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the border of a pixel. This could mean that the avalanche does not spread uniformly over the

hole device because otherwise a uniform cross-talk behavior would be expected. If the avalanche

is more pronounced at the position where the photon was absorbed the observed behavior can

be explained.

4.8 Photon-counting Resolution

The photon-counting resolution is one of the most important properties of a SiPM. If the SiPM

is used for the detection of scintillation light like in calorimetric applications or PET, it is one

of the limiting factors for the energy resolution of the detector. The photon-counting resolution

is determined by the photon detection efficiency and noise generated by cross-talk, after-pulses,

and dark-noise. In the following, the contributions of the different effects to the photon-counting

resolution will be determined for the linear range of the sensor (Nγ � Npixels).

Assuming an ideal sensor with no cross-talk, after-pulses and dark-rate, the photon-counting

resolution is limited by the fluctuations in the number of detected photons. Considering a fixed

number of incident photons Nγ , the probability to detect a certain number of photons NPDE

is described by a binomial distribution:

BPDE(NPDE) =

�
Nγ

NPDE

�
PDENPDE · (1− PDE)

Nγ−NPDE (4.23)

The photon-counting resolution is then given by the standard deviation of the binomial distri-

bution:

σNPDE =

�
Nγ · PDE(1− PDE) (4.24)

The mean number of detected photons is given by:

�NPDE� = Nγ · PDE

For a real sensor, another limiting factor for the resolution is the dark-rate. The probability to

have a certain number of dark-rate events NDR within a certain charge integration time ∆t is

given by a Poisson distribution with the expectation value �NDR� = DR · ∆t where DR is the

dark-rate in Hz. The fluctuations in the number of dark-rate events is given by the standard

deviation:

σNDR =

√
DR · ∆t

Furthermore, the fluctuations in the number of cross-talk and after-pulse events have to be

taken into account. Each detected photon or dark-rate event can trigger an additional avalanche

breakdown due to cross-talk or after-pulsing. In the following calculations it is assumed that one

firing pixel may only trigger one cross-talk or one after-pulse event. All higher order events are

neglected since P 2
CT , P 2

AP , PCT · PAP are small. If �NPDE�+ �NDR� pixels fired, the probability

for a certain number of cross-talk events NCT and after-pulse events NAP is again described by

a binomial distribution:

BCT (NCT ) =

�
�NPDE�+ �NDR�

NCT

�
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the sensor therefore have a reduced probability to be absorbed in a nearby pixel. It can be

observed (in particular for the 100 µm device) that the cross-talk probability varies within a

single pixel, i.e. the cross-talk probability is increased if the incident photon is absorbed near

the border of a pixel. This could mean that the avalanche does not spread uniformly over the

hole device because otherwise a uniform cross-talk behavior would be expected. If the avalanche

is more pronounced at the position where the photon was absorbed the observed behavior can

be explained.

4.8 Photon-counting Resolution

The photon-counting resolution is one of the most important properties of a SiPM. If the SiPM

is used for the detection of scintillation light like in calorimetric applications or PET, it is one

of the limiting factors for the energy resolution of the detector. The photon-counting resolution

is determined by the photon detection efficiency and noise generated by cross-talk, after-pulses,

and dark-noise. In the following, the contributions of the different effects to the photon-counting

resolution will be determined for the linear range of the sensor (Nγ � Npixels).

Assuming an ideal sensor with no cross-talk, after-pulses and dark-rate, the photon-counting

resolution is limited by the fluctuations in the number of detected photons. Considering a fixed

number of incident photons Nγ , the probability to detect a certain number of photons NPDE

is described by a binomial distribution:

BPDE(NPDE) =

�
Nγ

NPDE

�
PDENPDE · (1− PDE)

Nγ−NPDE (4.23)

The photon-counting resolution is then given by the standard deviation of the binomial distri-

bution:

σNPDE =

�
Nγ · PDE(1− PDE) (4.24)

The mean number of detected photons is given by:

�NPDE� = Nγ · PDE

For a real sensor, another limiting factor for the resolution is the dark-rate. The probability to

have a certain number of dark-rate events NDR within a certain charge integration time ∆t is

given by a Poisson distribution with the expectation value �NDR� = DR · ∆t where DR is the

dark-rate in Hz. The fluctuations in the number of dark-rate events is given by the standard

deviation:

σNDR =

√
DR · ∆t

Furthermore, the fluctuations in the number of cross-talk and after-pulse events have to be

taken into account. Each detected photon or dark-rate event can trigger an additional avalanche

breakdown due to cross-talk or after-pulsing. In the following calculations it is assumed that one

firing pixel may only trigger one cross-talk or one after-pulse event. All higher order events are

neglected since P 2
CT , P 2

AP , PCT · PAP are small. If �NPDE�+ �NDR� pixels fired, the probability

for a certain number of cross-talk events NCT and after-pulse events NAP is again described by

a binomial distribution:

BCT (NCT ) =

�
�NPDE�+ �NDR�

NCT

�
PNCT

CT · (1− PCT )
�NPDE�+�NDR�−NCT (4.25)
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where PCT and PAP represent the cross-talk and after-pulse probability. The fluctuations in

the number of cross-talk and after-pulse events is given by:

σNCT =

�
(�NPDE�+ �NDR�) · PCT (1− PCT ) (4.27)

σNAP =

�
(�NPDE�+ �NDR�) · PAP (1− PAP ) (4.28)

Considering all effects described above, the standard deviation of the measured SiPM signal is

given by:

σSignal =

�
σ2

NPDE
+ σ2

NCT
+ σ2

NAP
+ σ2

NDR
(4.29)

The electronic and excess noise of the sensor also contribute to the standard deviation of the

signal. However, the excellent separation of the single photon peaks in the charge spectrum

shows that both effects are small compared to the signal of a firing pixel (gain) and can therefore

be neglected in the following calculations. Having individually determined the PDE, dark-rate,

cross-talk and after-pulse probability, the incident number of photons can be reconstructed from

the measured SiPM signal with the following formula:

Nγ =
NSignal − �NCT � − �NAP � − �NDR�

PDE
(4.30)

The standard deviation of the reconstructed number of photons is:

σNγ =
σNSignal

PDE
(4.31)

which leads to a relative photon-counting resolution of:

σNγ

Nγ
=

σNSignal

Nγ · PDE
=

�
σ2

NPDE
+ σ2

NCT
+ σ2

NAP
+ σ2

NDR

Nγ · PDE
(4.32)

=
A

Nγ
⊕ B�

Nγ
(4.33)

where

A =

�
DR · ∆t(1 + PCT (1− PCT ) + PAP (1− PAP ))/PDE

describes the component resulting from dark-rate pulses and

B =

�
(1− PDE) + PCT (1− PCT ) + PAP (1− PAP )/

√
PDE

corresponds to the fluctuations originating from events triggered by photon absorption. Both

contributions are effected by after-pulses and cross-talk.

The photon-counting resolution can be determined using the results (i.e. PDE, dark-rate, cross-

talk and after-pulse probability) of the measurements described in the previous sections. In

the following monochromatic photons with a wavelength of 645 nm and an integration time

of ∆t = 300 ns matching the approximate bunch crossing time at the ILC were assumed for

the calculations. In principle this requires the after-pulse probability to be calculated for this

specific time interval. However, the after-pulse probability for ∆t > 300 ns is negligible small

due to the characteristic trapping time of < 150 ns (see figure 4.13). For this reason the after-

pulse probability for an infinite integration time (as calculated in section 4.4) was used. For
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the sensor therefore have a reduced probability to be absorbed in a nearby pixel. It can be

observed (in particular for the 100 µm device) that the cross-talk probability varies within a

single pixel, i.e. the cross-talk probability is increased if the incident photon is absorbed near

the border of a pixel. This could mean that the avalanche does not spread uniformly over the

hole device because otherwise a uniform cross-talk behavior would be expected. If the avalanche

is more pronounced at the position where the photon was absorbed the observed behavior can

be explained.

4.8 Photon-counting Resolution

The photon-counting resolution is one of the most important properties of a SiPM. If the SiPM

is used for the detection of scintillation light like in calorimetric applications or PET, it is one

of the limiting factors for the energy resolution of the detector. The photon-counting resolution

is determined by the photon detection efficiency and noise generated by cross-talk, after-pulses,

and dark-noise. In the following, the contributions of the different effects to the photon-counting

resolution will be determined for the linear range of the sensor (Nγ � Npixels).

Assuming an ideal sensor with no cross-talk, after-pulses and dark-rate, the photon-counting

resolution is limited by the fluctuations in the number of detected photons. Considering a fixed

number of incident photons Nγ , the probability to detect a certain number of photons NPDE

is described by a binomial distribution:

BPDE(NPDE) =

�
Nγ

NPDE

�
PDENPDE · (1− PDE)

Nγ−NPDE (4.23)

The photon-counting resolution is then given by the standard deviation of the binomial distri-

bution:

σNPDE =

�
Nγ · PDE(1− PDE) (4.24)

The mean number of detected photons is given by:

�NPDE� = Nγ · PDE

For a real sensor, another limiting factor for the resolution is the dark-rate. The probability to

have a certain number of dark-rate events NDR within a certain charge integration time ∆t is

given by a Poisson distribution with the expectation value �NDR� = DR · ∆t where DR is the

dark-rate in Hz. The fluctuations in the number of dark-rate events is given by the standard

deviation:

σNDR =

√
DR · ∆t

Furthermore, the fluctuations in the number of cross-talk and after-pulse events have to be

taken into account. Each detected photon or dark-rate event can trigger an additional avalanche

breakdown due to cross-talk or after-pulsing. In the following calculations it is assumed that one

firing pixel may only trigger one cross-talk or one after-pulse event. All higher order events are

neglected since P 2
CT , P 2

AP , PCT · PAP are small. If �NPDE�+ �NDR� pixels fired, the probability

for a certain number of cross-talk events NCT and after-pulse events NAP is again described by

a binomial distribution:

BCT (NCT ) =

�
�NPDE�+ �NDR�

NCT

�
PNCT

CT · (1− PCT )
�NPDE�+�NDR�−NCT (4.25)

BAP (NAP ) =

�
�NPDE�+ �NDR�

NAP

�
PNAP

AP · (1− PAP )
�NPDE�+�NDR�−NAP (4.26)
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Measurement of Power-ratio R
(∅=0.6mm aperture)

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
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R =
PPort1

PPort2

*Peak emission 
wavelength of LED
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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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h1
Entries  6138
Mean    33.82
RMS     7.198
Integral    6138

 / ndf 2!  16.21 / 6
Constant  23.2±  1350 
Mean      0.02± 32.53 
Sigma     0.019± 1.659 
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SiPM Positioning
• All light should hit the 

active SiPM-Surface.

• ∅=0.6mm aperture was 
used for measurements 
with pulsed laserdiodes.

• Plateau on top allows  
reproducible positioning 
at maximum.

Place SiPM here
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