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Outline

• Photodetectors & the Silicon Photomultiplier

• Two Applications: 

• Calorimetry

• Positron Emission Tomography

• Characterisation of Silicon Photomultipliers
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Photodetectors

• Photomultipliers:

• High Gain (G = 106)

• High operation voltage (few KV)

• Bulky, sensitive to magnetic fields

• Photodiodes, Avalanche Photodiodes (APDs)

• Low Gain

• Compact & insensitive to magnetic fields

• Silicon Photomultiplier

• High Gain (G = 105-106)

• Low operation voltage (HV<100V)

• Compact & insensitive to magnetic fields

Hamamatsu Photonics K.K.  Electron Tube Center
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Latest Trend in Vacuum Devices
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Photomultipliers

Many application fields

MPPC (3mm)

MPPC (1mm)

SPM



Silicon Photomultiplier: Geiger Mode

• Pixels operated in Geiger mode 

(non-linear response)
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Chapter 2 Light Detectors

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

ICFA Instrumentation Bulletin
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Figure 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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Doping Structure of SiPM [1]



S = ! spixel

Silicon Photomultiplier: Linearity

• Signal:

• Linear response for Nph << Npix

(typical: Npix=1000/mm2)

Hamamatsu MPPC  400 
pixels



Application: Two Examples



Imaging Calorimeter

• Jet energy resolution improvement

• Isolate neutral from charged 

components ! High granularity!

• Insensitivity to magnetic fields

! SiPM

• Not just a concept!

! Prototype

7

Particle detector profile

ILC LDC concept



Analogue Hadronic Calorimeter Prototype (CALICE)

Chapter 1 Introduction

4.1 Read-out chain 21

(a) (b)

Figure 4.2: (a) Picture of the first completed tile mosaic of the physics proto-
type. (b) Fully equipped scintillator tile with a WLS fibre guiding
light to a SiPM in the front right corner.

(a) (b)

Figure 4.3: (a) Emission spectrum of the used scintillator. (b) Absorption
and emission spectrum of the WLS fibre.

Specific Integrated Circuit (ASIC) chip designed by Laboratoire Accélérateur Linéaire
(LAL). A detailed description of this chip can be found in [27]. The ASIC chip is
used in two di!erent working modes, the so called calibration and physics mode, to
optimally fit the complete SiPM working range with the used 16-bit analogue to digital
converter (ADC) range. For small signals the shaping time is short (40 ns) and the
amplification is high (approximately factor 100). In this calibration mode single photo-
electron spectra can be observed. For higher signals less amplification is needed. The
physics mode used for these signals has an amplification of approximately factor 10.

Figure 1.7: Left: Emission spectrum of the scintillator used. Right: Absorption and emission
spectrum of the wavelength shifting fibre.

sensitivity in the blue region, readout without a WLSF may become possible representing a
more elegant solution, easier extendable for the large scale future design.
Since the variety of available devices is growing (there are already several producers on the
market), it is necessary to characterise the devices, which means to determine the basic
parameters describing the performance, in order to allow the selection of a specific device.

Beam 
Direction

Figure 1.8: Photograph of the hadronic calorimeter prototype (HCAL) together with the electro-
magnetic calorimeter prototype (ECAL) and the tail catcher and muon tagger system (TCMT). All
three prototypes were operated together at the test beam areas of DESY and CERN [12].
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• 1m3 physics prototype 
(steel-scintillator sandwich, 2cm steel, 0.5cm scint.)

• Test beam at CERN and FNAL

• HD: Test-beam activities, SiPM calibration, readout electronics
8



One Layer of the HCAL 

• High granularity

centre: 3x3x0.5 cm3

• Organic scintillator 

(blue emission)

• SiPM readout

Green sensitive !!

wavelength shifting fibre (wlsf)

• Possible: MPPCs 

Blue sensitive ! 

direct readout without wlsf 12cm

6cm

1.3 The Calorimeter Prototype

on the left side a photograph of one layer of scintillating tiles. The complete prototype con-
sists of 38 of these layers alternating with 1.6 cm thick steel absorber plates and is shown in
figure 1.8. It was exposed to electron and hadron beams at test-beam areas of DESY and
CERN. The thickness of the prototype corresponds to a total nuclear interaction length of
4.5 !int. On the right side of figure 1.6 a photograph of a single 3! 3 cm2 tile is shown. The

SiPM
WLSF

Scintillating Tile

Figure 1.6: Left: One layer of scintillating tiles for the analogue HCAL. The tile sizes ranges from
3! 3! 0, 5 cm3 in the middle to 12! 12! 0, 5 cm3 in the outer region. Right: Scintillating tile with
wavelength-shifting fibre and readout via SiPM. The edges of the scintillating tile were chemically
treated to produce small reflective bubbles on the surface. Inside of the calorimeter the up- and
down-side will be covered with reflector foil [12].

tiles consist of an organic scintillator, having the advantage of a fast decay time and being
produceable in principally every shape compared to inorganic scintillators (section 4.1) which
are often used to detect gamma rays. The tiles are chemically treated (matted) on the lateral
surfaces, and the up- and down-sides are covered with a highgly reflective foil to inhibit the
escape of scintillation light. If a particle crosses the tile, it produces a certain amount of
blue scintillation light depending on the energy and type of the particle (" 5000 photons per
minimum ionising particle (MIP) see figure 1.4). The light, produced at di!erent positions in
the tile, is collected with a 1 mm diameter wavelength-shifting fibre (WLSF) which is placed
in a 2 mm deep groove on the scintillating tile. It absorbs the blue scintillation light and
emits green light (see figure 1.7) since the light detector has the highest detection e"ciency
for green light. One end of the WLSF is covered with highly reflective foil while the other
end is guided to the small 1 ! 1 mm2 active surface of a novel kind of photon detector, the
so-called silicon photomultiplier (SiPM). Also other photon detectors like avalanche photodi-
odes and photomultipliers were studied ([13] and [14]) for the scintillation light readout, but
finally the SiPM was chosen to built the 1m3 prototype. It is well suited for this application
due to the high gain (comparable to vacuum photomultipliers), the small size which allows a
direct light readout at the tile, and the insensitivity to magnetic fields. Since the calorimeter
will be placed inside the magnetic field in the final design, this is an important feature. The
SiPM was developed at the Moscow Engineering Physics Institute (MEPhI). Nowadays there
are several manufacturers on the market producing similar devices. Recently another device,
the so-called multi-pixel photon counter (MPPC) from the company HAMAMATSU, became
available and was tested as a potential candidate for the tile readout [15]. Due to its high
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2.3 The Silicon Photomultiplier (SiPM)

2.3 The Silicon Photomultiplier (SiPM)

The dynamical range of a photodiode operated in Geiger-mode is strictly limited since it
needs time to recover after a photon has been detected. The SiPM shows the high gain of a
GAPD, while the dynamical range is increased by putting many GAPD’s to a small surface
and connect all to a common output. However this yields non-sensitive areas on the device
since the individual GAPD’s or “pixels” need to be isolated from each other (see section 2.3.2
for more details).
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Figure 2.12: Left: Picture of a SiPM produced by MEPHI-PULSAR with the package used for the
hadronic calorimeter prototype readout. The active surface is 1! 1 mm2. Right: Microscopic picture
of the single pixels. The individual silicon resistors and the aluminium conductors connecting all pixels
are visible [12].

Layout

A SiPM consists of an array of typically 1000 individual pixels per mm2. Figure 2.12
shows a picture of a SiPM produced by MEPHI2-PULSAR3 as it is used for the analogue
hadronic calorimeter readout. It has a surface area of 1! 1 mm2 and is equipped with
34! 34 = 1156 pixels (right side of figure 2.12).
Figure 2.13 shows the topology of the SiPM. A drift region is formed by a few micrometer
thick layer of p!-doped material on the low resistive p+-type substrate (the + and ! indi-
cates a high or low doping level respectively). The electric field in this region is not high
enough for impact ionisation (see right side of figure 2.13). An electron produced in this
region will drift into the thin high-field (typical value 105 V/cm) region between the n+ and
the p+ region where it can trigger an avalanche breakdown if the device is biased over the
breakdown-voltage. The avalanche breakdown will be quenched by the built-in silicon resistor
on the surface. The guard rings, made of n!-doped silicon, are needed in order to reduce
the electric field at the edges of the pixel since impurity levels are higher close to the surface
and can lead to unwanted avalanche breakdown and therefore high dark currents. The top of

2Moscow Engineering and Physics Institute
3Pulsar Enterprise, Moscow
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SiPM

1mm
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Positron Emission Tomography

10

• Positron Emitting Nuclei

(11C,  13N, 15O, 18F)

• Coincidence events

! Line of Response

• Background Reduction

- Energy Resolution

- Timing Resolution

• Use MPPCs:

- Blue sensitiveness ! LSO

- Compactness (spatial resolution)

- Insensitivity magnetic field (PET+MRI)



Characterisation of SiPMs

• Test stand for SiPM measurements

• Gain

• Dark-rate

• Photon Detection Efficiency

• Uniformity tests

• PET Application

• Energy & Timing

• Photon Detection Efficiency



Photon Detection Efficiency Measurements
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Xe-Lamp

Monochromator

Spatial Filter
Neutral Filters

Micrometer 

Positioning Stage

xy-plane

Metal Box containing

MPPC and calibrated PIN-diode 

connected to the picoamperemeter

20
PDE = f( ISiPM, IPIN, Gain, fcalib )



PDE Measurement Results
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• MPPC: blue sensitive

• SensL SPMScint: green sensitive

• Further investigation necessary 

(crosstalk, after-pulses, dc light source, 

systematic errors)
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Uniformity Tests

• Automated surface scan 

with small light spot

• Single pixels can be 

resolved

• Tool for uniformity tests

• Future: Single pixel 

characterisation m]µ
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Hamamatsu MPPC 1600 pixels 25µm pitch



PET: Energy & Timing

• Energy Resolution competitive to PMT readout (LSO: 10%, LFS : 11%)

• Timing resolution of 578ps

Energy Spectrum LSO
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Conclusion

• R&D for SiPM use in future detectors:

• Characterisation setup ready for testing

Gain, dark-rate and PDE measurements (350 - 1000nm)

• Accurate positioning ! single pixel measurements

recovery time, crosstalk, PDE without geometrical effects

• Future Plans:

• Development of infrastructure allowing large scale quality assurance tests

• PET-prototype in co-operation with DESY
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