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Concept of SiPM
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APDs operated in Geiger mode
Photon counting  with  high efficiency operate APDs over breakdown 

Geiger mode APDs
Single pixel Geiger mode APDs were developed a long time ago
( see for example: R. Haitz et al, J.Appl.Phys. (1963-1965)

R. McIntyre , J.Appl.Phys. v. 32 (1961))

Planar APD structure Passive quenching circuit
34 1.6 Silicon Photomultipliers

The last step is to combine avalanche photodiodes in a matrix of cells to form a silicon

photomultiplier. The readout is done with a common anode. Each breakdown then releases

the same charge and the total signal at the anode is proportional to the number of cells in

breakdown. The number of cells also determines when saturation effects set in. Figure1.22

illustrates how this works. The avalanche breakdown happenes in a relatively small region of

high field (about 1µm) and drifts towards the cathode and the common anode, where it is read

out.
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Figure 1.22: Illustration of a silicon photomultiplier. Left: Image from the surface. Middle:

Topology. Right: Electric field in across the depth. Note that the geiger region is

only about 1µm thick. From [36]

Gain

Theoretically the gain of an avalanche breakdown is infinite. Only because of the availability

of the charge carriers, the charge is limited. A silicon photomultipier cell with a quenching

resistor can be modeled as parallel-plate capacitor. The important capacitor relation

Q = C · U (1.27)

explains that the charge output in quenched breakdown is proportional to the reverse bias

voltage U and the capacitance C of the depleted region. A parallel-plate capacitor has a

capacitance of

C =
�A

d
(1.28)

which illustrates important design parameters of a silicon photomultiplier. The size A of a cell

is therefore proportional to its gain. The thickness and doping layer structure goes into the

size d and the permittivity � of the depletion region. As electrons and holes are taking part

in the avalanche, it is called bipolar. The typical gain for a cell size of 100µm is about 106e
which can be read out even without amplification. When using smaller cells, an amplifier may

be necessary.
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Summing many cells

CERN, SiPM workshop, 16.02.2011 Y. Musienko (Iouri.Musienko@cern.ch) 7

SiPM structure and principles of 
operation

(EDIT-2011, CERN)
• SiPM is an array of small cells (SPADs) connected in parallel on a common substrate
• Each cell has its own quenching resistor (from 100k to several M )
• Common bias is applied to all cells (~10-20% over breakdown voltage)
• Cells fire independently
• The output signal is a sum of signals produced by individual cells
For small light pulses (N <<Npixels) SiPM works as an analog photon detector  
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Problem: Optical crosstalk
Light produced in avalanche process
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SiPM Spectrum with afterpulses
Deviation from Poisson statistics

Measurement of optical crosstalk probability:
- Count Pedestal and 1. & 2. Photoelectron peak
- Calculate deviation of 2. peak from Poisson

0
12
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Measurement of photons from 
avalanche process (Max Knötig)

Illuminate one SiPM cell with small
laser spot

Observe emission of photons from
avalanche process (microscope)

3 Light Emission Studies 81

Figure 3.15: Left: Intensified camera image of the collimated 2µm laser reflection from the

silicon photomultiplier surface. The visible cell has an extension of 50µm x 50µm.

Right: Emission from a silicon photomultiplier cell and neighbours, observed with

the Clara CCD. Each cell has a size of 100µm, while the laser in this case is focused

to the central cell and has a width of 10µm. Cleary, the light emission is extended

and coming also from the neighbouring cells. Therefore this is a direct image of

cross-talk.

reflection of the laser from the surface. Furthermore, in order to get some flexibility in the

magnification, a second collimating lens is inserted in-between the camera and the filter into

the line-of-sight.

The first set-up is built with the Andor Clara CCD. In order to detect the light emission,

the laser is run at 500kHz and the camera integrates about 30 seconds.

The second set-up uses the intensified camera which can be run at 30kHz. The camera then

integrates each frame up to 20 minutes. In sec.1.6.2 it was explained that each event releases

O(10) detectable photons isotropically. That is why recording up to O(107) events is necessary.

The time information can be extracted from the delay, see Fig.3.4.

In general the focused laser can be used to study location dependent breakdown voltages,

timing and diffusion in p-n junctions [75] [76] [77]. The high darkrate of silicon photomultipliers

of ∼ 1MHz [78] introduces a background, but this can be post-processed in Mathematica. Using

the gated image intensifier, the darkrate light emission is suppressed by a factor of ∼ 10−8

because of the stringent timing of the gate. A LabView program automatises all settings of the

intensified camera set-up including the bias voltage via the Tektronix PWS4721 power supply

and simplifies long measurements. The entire set-up is shown in Fig.3.16.

3.4.3 Measurements

The Size of the Avalanche

Theory The growth of an avalanche in silicon photomultipliers, starting from a point of impact

ionisation, determines the ultimate time resolution. They spread vertically because of the
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Alternative measurement of 
optical crosstalk (Max Knötig)

Measure light in neighbouring cells with Microscope

Good agreement with conventional method !
84 3.4 Silicon Photomultiplier Light Emission

Figure 3.18: Light emission from the SiPM surface. It illustrates the cross-talk measurement

Eqn.3.2. Interesting is also the dark region on the left of the target cell. This

shows the avalanche has a finite size.

where N(x) is the integrated number of counts in cells up to the distance x from cell 0, like in

Fig.3.18 and not counting cell 0. This is equivalent to Eqn.2.27 for small cross-talk probability

and assuming that cross-talk events are independent. The usual cross-talk probability can then

be expanded as

C =
P (≥ 2)

P (≥ 1)
� P (2)

P (≥ 1)
+O

�
C2

�
(3.3)

The counts outside region 0 in Fig.3.18 are all cross-talk counts as the laser is well focused within

a cell. Assuming further that the light emitted is proportional to the number of breakdown

events and using the small cross-talk approximation (that all cross-talk events are 2-cell events),

one gets from Eqn.3.3

C =
Noutside (0)

Ninside (0)
+O

�
C2

�
(3.4)

which can be generalised to Eqn.3.2. The deviation can be roughly estimated as

∆C

C
=

O
�
C2

�

C
≈ C (3.5)

and is ∼ 5% for the above mentioned cross-talk reduced silicon photomultipliers. One has to

keep in mind that the cross-talk measurement here is done for one single cell with a focused

laser which is a further difference from the measurement in Sec.2.3.6. The advantage over the

old definition is the possibility to study cross-talk over distance.

All images are processed with Mathematica 8.

3 Light Emission Studies 85

Results The measurements shown are done using the CCD camera set-up.

Figure 3.19: Cross-talk measurements for 100A, 100A3 and Hamamatsu devices. Good to see

is the effect of introducing trenches between 100A3 and 100A. The Hamamatsu

device was run at 73.5V, the MEPhI devices at 38V. Triangles show the standard

cross-talk measurement for the one targeted cell. Indicated error bars correspond

to the estimated deviation from the standard definition (Eqn.3.5).

The measurement (Fig.3.19) reveals the effect of introducing cross-talk reduction mecha-

nisms. The Hamamatsu device is run at the voltage of 73.5V corresponding to 4.4% overvoltage.

The MEPhI devices are run at 38V, corresponding to 15% overvoltage. Their measurements

agree well to the cross-talk measured by oscilloscope for this one cell and the usual definition

given in Eqn.2.27, also shown in Fig.3.19.

3.4.4 Silicon Photomultiplier Light Emission Summary

• Avalanche size is finite. Measurements of the light emission show a lateral size of

∼ 10µm, independent of the cell size. This also directly confirms the theory that the

lateral spread is diffusion dominated.

• Evidence for an initial speed of diffusion of ∼ 8µm/s slowing down over a time scale of

1ns.

• With a new method, it is possible to measure the cross-talk morphology via the light

emission.
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‘Delayed’ optical crosstalk in SiPM

Photons are generated 
during avalanche process

They create 
photoelectrons in bulk 
material

Electrons drift back into 
the avalanche region
and trigger cell

Time characteristic: 
1ns-20ns

p-

substrate p+

p+ guard ring n-

Si resistor Al conductor
n+

SiO2

Vbias

photondrifting 
electron
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Afterpulses in Silicon

Impurities and 
defects in the silicon 
lattice may have 
irregular behaviour

Carriers during an 
avalanche discharge 
are trapped and 
released later in time

Time characteristics:
up to 100ns 

p-

substrate p+

p+ guard ring n-

Si resistor Al conductor
n+

SiO2

Vbias

Excited defect
in depletion region
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Suppressing afterpulses

Afterpulse-excitations have a lifetime
of up to 100ns.

By using quenching resistors of 1MOhm
the recovery time of one cell that has fired
increases to about 1usec (recharging time of capacitance)

Afterpulses do not get a chance to trigger the 
same cell twice.

Hamamatsu uses 100kOhm quenching resistor.
The recharging time is faster and afterpulses 
appear. 
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Counting crosstalk in QE measurement:
Measured and real PDE: Hamamatsu MPPC
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Solutions to reduce optical crosstalk:
Introduce trenches

Introduce 
optical barrier 
between cells

block the 
instantanous 
photon 
crosstalk

CERN, SiPM workshop, 16.02.2011 Y. Musienko (Iouri.Musienko@cern.ch) 21

Optical cross-talk reduction

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

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

Solution: optically separate cells trenches

photon
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Solutions to reduce ‘delayed’ optical crosstalk:
Block drifting electrons

Introduce 
second p-n 
junction

Potential barrier 
will block drifting 
electrons

p-

substrate p+

p+ guard ring n-

Si resistor Al conductor
n+

SiO2

Vbias

photon

drifting 
electron
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Arrival time of ‘instantaneous’  and 
‘delayed’  optical cross-talk

Afterpulse arrival time

with trenches

trenches and 2. PN junction

without trenches
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Interesting experiment:
Mirror in front of Dolgoshein-SiPM
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 General specifications
of SiPM
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Jelena Ninkovic

Recovery time of fired cell
(--> suppression of afterpulses) 

Recovery time of SINGLE pixel: C(pix)xR(pix)-->20ns…..a few mks

B.Dolgoshein,LIGHT06
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Gain and PDE as function of
overvoltage 

(Perkin-Ellmer-SiPM as example)

Gain

PDE
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Temperature dependence
of dark rate

B.Dolgoshein,LIGHT06

Dark Rate(DR)
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Cross talk comparison of 
different SiPM

66 2.3 Silicon Photomultipliers

Method

When measuring the cross-talk, a certain method has been established, in order to be able to
compare the numbers in the publications [40]. The cross-talk given one cell in breakdown is
defined as

C :=
P (≥ 2cells)

P (≥ 1cells)
(2.26)

with P (x) being the probability to fire x cells. At the oscilloscope, because of the very good
charge resolution of silicon photomultipliers (Fig.2.23) this can be measured as

C =
N (threshold > 1.5)

N (threshold > 0.5)
(2.27)

Results

In Fig.2.29 the cross-talk probability is given for the measured 100A, 100A3, 100B and 33-050-
UVE-SIRESIN structures. One can clearly see that the Hamamatsu silicon photomultipliers
are not built to run at high overvoltages. In the operating range, their cross-talk probability
is < 20%. The last point on the plot for the 33-050-UVE-SIRESIN comes from a new method,
developed in Sec.3.4.3. On the MEPhI samples, the effect of cross-talk reduction mechanisms

Figure 2.29: Cross-talk results for the silicon photomultipliers under investigation

can be seen. All silicon photomultipliers with trenches between show strongly reduced cross-talk
probability, compared to the reference silicon photomultiplier W5N35 with 100A3 structure.
Moreover they show a similar behaviour, indicating that this is reduction is independent of the
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General properties of SiPM
64 2.3 Silicon Photomultipliers

Figure 2.27: A comparison of the most important results.

SiPM Structure Peak PDE in % Mean Weighted PDE in %

W5N20 100A 37.5± 5.2 30.9± 4.3
W5N21 100A 35.8± 5.1 28.6± 4.0
W5N22 100A 39.3± 5.6 34.8± 4.9
W5N30 100B 44.0± 6.2 37.2± 5.2
W5N31 100B 39.6± 5.6 33.8± 4.7

W5N13 mean 100B 56.1± 5.6 46.0± 4.6
33-050-UVE-SIRESIN - 39.5± 5.6 28.8± 4.0

Table 2.4: Peak photo detection efficiency and mean photo detection efficiency weighted with

a typical Cherenkov spectrum for all measured devices. The mean weighted photo

detection efficiency for the R11920-100 photomultiplier is about 21%, for comparison.

significantly contribute starting from the 557.7nm Oxygen line. Also the continuous background

rises with increasing wavelength. It is therefore a complex trade-off between more light from

the extended air shower and an increase in the noise level which determines telescope threshold
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Measurement methods
for characterization
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Measurements of Hamamatsu SiPM:
Pulse shape (HPD and SiPM)
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long fall time is a problem for many
experiments

HPD

Hamamatsu SiPM
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Passive shaping (simple capacitive coupling into 
50 Ohms) reduces the fall time

(needed for reduction of pile-up)
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Shaping RC-CR
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Measurement of QE

Monitor the photon detection efficiency:

Compare SiPM PDE with calibrated 
reference detector such as HPD

Light 
pulser

SiPM

Calibrated photon 
detector

uniform 
illumination

Diffuser plate
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Measurements using pulses and FADC

Illumination of SiPM and reference 
detector with same pulsed light flux

Measurement of counts in pedestal 
and 1. PhE peak

Calculation of Poisson mean

Measurement of crosstalk of SiPM 
by  2. Peak

Correction of mean counts of both 
detectors due to (detector 
dependent) losses 

Calculation of SiPM PDE by 
comparison of QE and mean counts
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Voltage scan Hamamatsu
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Voltage scan 
Dolgoshein W5N42 3x3mm
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Measurements with discriminator

Illuminate SiPM with continuous light flux

Need a calibrated reference detector --> PIN diode

LED 350 nm

SiPM camera
single PhE counting

Calibrated PIN diode
Measure photo current

uniform 
illumination

Diffuser plate
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Measurements with Hamamatsu SiPM:
Counting mode with signal shaping

SiPM signal (with shaping) and discriminator 
(25ns pulse width)
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Pile-up and dead time at high rate:
--> cross talk correction

Wednesday, April 18, 2012



Thomas Schweizer, LIP, July 2011

Measurement of gain and 
crosstalk by threshold scan

Threshold [mV]
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Threshold scan, 68.0V

crosstalk correction
Rate’=Rate/(1-Rate*DT)
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Cameras with SiPM
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FACT camera with 1440 SiPM
(First G-APD camera telescope)
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Testcamera with cooling plate 
for possible future AUGER fluorescence detector
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Thermal simulations: Condensation 
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Temperature distribution at window
--> will get condensation

-> gravity !!
-> double glas window
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Reduce reflectivity of entrance window

Antireflective coatings with amorphous
flouropolymer resin (Teflon) 
(companies: Cytop, DuPont) 
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Significant reduction of reflection
by moth eye structure
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Sketch of readout and slow control
for SiPM camera

SiPM Diskriminator Counter

Bias control
&

Threshold control

Temperature 
control
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Development of a lowcost-lowpower readout 
with 64 programmable discriminators

• Front-end ASIC: MAROC III

• Programmable shaping time

• Programmable threshold

• Charge sensitive inputs, sensitivity 15 fC

• On-Board FPGA

• optical link transmission

• USB2 output

MAROC III

optical
link
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Online calibration (and adjustment) of 
both: Gain and PDE: 

Monitor gain and (relative) PDE with discriminator only

In case of  rate increase the point of 50% remains at the
same threshold (--> gain or amplitude of pulses)

Threshold

R
at

e

point of control,
50 % of rate
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Optimize light collection on SiPM
‘Perfect’ Winston cone

Si has refractive index 
3.6-3.8 
--> strong reflection

Covered by SiO2

Additional protection 
layer with a resin 

Need an additional anti-
reflective treatment

PMMA layer with moth-
eye plasma etching
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SiPM light guides for test camera
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Thanks
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Quantum efficiency of different SiPM

2 Characterisation of Light Detectors 63

Figure 2.26: Photo detection efficiency results for all measured silicon photomultiplier struc-
tures in comparison to the to the CTA photomultiplier prototype R11920-100.
Furthermore, three independent measurements were done for one silicon photo-
multiplier called W5N13 (100B type), shown in the central right plot. Bottom row
shows a comparison of all measured values to the CTA photomultiplier prototype
R11920-100 (left) and to a typical Cherenkov spectrum (right).
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