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Plan of this lecture

1. Basic principle and performance of “SiPM”

2. Applications (HEP, nuclear/astro/medical)

• Experience of using 60,000 MPPCs for T2K experiment

3. Future developments

2



Masashi Yokoyama, University of Tokyo I Seminario Nazionale Rivelatori InnovativiGeiger-mode APDs

Plan for today 

1. Introduction

• Photon detectors

2. Operation principle

• From PD, APD to “SiPM”

3. Key parameters and performance

• Signal generation
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Photon detectors
•Needless to say, 

• detection of photon is an important, 
elementary part of particle detection in a 
very broad field of application.
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Photon detectors

• Convert light to electric signal, with:

• High efficiency 

• Multiplication: for detection of weak light 
(single photon in many cases).

• Proportionality: need to know amount of 
light injected. 
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PMT (photomultiplier tube)
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• Most commonly used in the field.

• Various types available depending on purpose.
(size, sensitive wavelength, timing resolution, ...)
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Great success of PMT

• PMTs are great device with excellent 
performance.

• To date, no device has performance to 
completely replace PMTs.

• However, recent development has yielded 
an interesting device, that is...
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Drawbacks of the current package (transistor)

! Metal container: magnetic material

! Eccentricity: hard to provide a perfect alignment

! Epoxy cover: difficult to make a plane and 

smooth surface

“Silicon Photo-multiplier”
• Known in many many names...

• SiPM

• MRS-APD

• SPM

• MPGM APD

• AMPD

• GM-APD

• MPPC

• .....

• Reflecting progress in many places in short time.
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*Key development in Russia in 90s,
by Golovin, Sadygov, et al.
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Hamamatsu

CPTA
MEPHI/PULSARSenSL

FBK-irst
MPI Dubna/Mikron

Some (many) very likely missing..

RMD

Kotura??

R&D over the world
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Why so interesting?
• Many advantages:

• High (105-106) gain with low voltage (<100V)/power

• High photon detection efficiency

• Compact and robust

• Insensitive to magnetic fields

• Although as many possible drawbacks (at this moment):

• Only small size (typically ~mm2) available

• High dark count rate (100kHz-1MHz/mm2)

• Optical cross-talk and after-pulse

• ....

11

That’s why I am giving this talk...



Operation Principle
from basics of semiconductor photodetector
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Photo absorption in Si

13
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Photodiode
• p-n or p-i-n structure

• Photon creates electron hole 
pair near the surface

• Under reverse bias voltage, 
they can reach electrodes 
before recombination and give 
current proportional to the 
light intensity

• No amplification

14
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Ionization rate

15
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 Avalanche Photodiode (APD) 

• Avalanche amplification in 
reverse-biased region

• Linear operation below 
breakdown voltage (Vbd):
output charge ∝ number of e-h 
pairs ∝number of incident photons

• Typical internal gain: 10-100 
(~1000 in extreme case)

16

1 Introduction

CMS Collaboration will construct an electromagnetic calorimeter made of 80000 lead tungstate (PbWO ) crystals,

as part of a detector for LHC at CERN. The choice of a high resolution electromagnetic calorimeter optimizes the

chances to discover a Higgs boson with a mass in the range from 80 to 140 GeV by the search of the

decay. PbWO is a fast and compact scintillating crystal limited by a reduced light yield, of the order of 100

photons per MeV for crystals of suitable dimensions. The scintillation light peaks to 420-450 nm.

Photodetectors have to match these properties and have to operate in a radiation hostile environment and in the

strong magnetic field of 4 T. Photomultipliers are excluded because of the magnetic field, PIN photodiodes by

the lack of amplification and their sensitivity to the noise induced in silicon by ionizing particles in the tail of the

electromagnetic showers. Avalanche photodiodes [1] are fast and insensitive to magnetic field, have a reasonable

gain and a reduced sensitivity to ionizing particles. This paper will report on the APD’s expressely developed for

this project in collaboration with two major manufacturers, on the results achieved so far and on the perspects for

their use in the barrel part of CMS electromagnetic calorimeter.

2 Avalanche Photo-Diodes

APD’s are largely used to detect red or infra-red light. The need to improve the response for lower wavelengths led

to the so called reverse structure shown in Fig. 1: the ligth enters the device from the p layer and is converted

in electron-hole pairs in the p layer. Then the electrons are accelerated by a high field towards the p-n junction.

Electrons are amplified by impact ionization with the development of an avalanche in the n layer and finally drift

to the n via an intrinsic or n layer.

As the acceleration region before the

window
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Figure 1: Working principle for a reverse structure APD.

amplification is few microns thick,

the amplification is larger for shorter

wavelengths. For the same reason,

only this thickness is fully sensitive to

ionizing particles directly traversing the

device, strongly reducing the nuclear

counter effect with respect to standard

PIN diodes. This can be quantified

defining an effective thickness

of the APD as the thickness of a

silicon PIN diode required to give the

same signal (in terms of photoelectrons)

when traversed by a charged particle.

3 Impact of APD’s on the resolution of the calorimeter

The resolution of an electromagnetic calorimeter can be expressed as:

(1)

where the stochastic term is due to the intrinsic shower fluctuations combined with the photo-statistic

contribution, the constant term is connected with the reproducibility of the calibrations and the stability of

the response and is the noise contribution due to electronics, pile-up etc. The CMS design goal is [2]

MeV.

The APD’s contribute to all of three terms:

- the stochastic process of avalanche multiplication contributes to as an excess of the fluctuation of

photoelectrons, expressed as . The excess noise factor is related to the ratio of the ionization

coefficients for holes and electrons [3];

- the gain variation with bias voltage and temperature contributes to the constant term ;

2

Schematics of APD 
for CMS-ECAL
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Geiger-mode APDs
• Operation above 

the breakdown voltage

• Discharge ‘quenched’ by 
external register 

• High internal gain

• Binary device 

• Same amount of charge 
regardless of number of 
incident photons

• No proportionality
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Counting Photons with 
Geiger-mode APDs

• Divide APD into many small pixels.

• Each pixel works 
independently in Geiger mode.

• Incident photon ‘fires’ an APD pixel 
but not others

• Output charge from one pixel: 
Q=Cpixel • (Vop-Vbd)

• Cpixel~10-100fF and 
ΔV≡ Vop-Vbd~1-2V gives 
Q~105-106e 
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20-100µm (typ.)
18 CHAPTER 3. MULTI-PIXEL PHOTON COUNTERS (MPPC)

Figure 3.3: Structure of APD pixels for latest MPPC samples. The left (right)
figure is for a 100 (400) pixel device and the size of each pixel is 100 × 100 (50
× 50) µm, respectively.

3.2 Operational principle of MPPC

At first we explain the principle of APD which is a component of MPPC. APD is
a semiconductor photodetector. In a semiconductor photodetector the formation
of a pn-junction creates a special zone, called absorption region, in the interface
between the p-type and n-type materials. This is illustrated in Fig. 3.4. Because
of the difference in the concentration of electrons and holes between the two
materials, there is an initial diffusion of holes towards the n-region and a diffusion
of electrons towards the p-region. As a consequence, the diffusing electrons fill
up the holes in the p-region while the diffusing holes capture the electrons in the
n-region. Since the p-region is injected with extra electrons, it becomes negative
while the n-region becomes positive. This creates an electric field across the
pn-junction. Because of this electric field, there is a potential difference across
the junction. The region of changing potential is called as an absorption region.
The incoming photon into the absorption region will create electron-hole pairs
which are swept out by the electric field. The current signal corresponding to the
movement of the electron-hole pairs is proportional to the number of incoming
photons to the semiconductor detector. In general, however, the intrinsic electric
field is not intense enough to provide efficient charge collection. In order to obtain
good charge collection, we usually apply a reverse bias voltage to the junction.
By applying a reverse bias voltage, the absorption region spreads to the whole
detector. In an avalanche photodiode a high reverse voltage (100 ∼ 200 V) is
applied and the multiplication region which has a high electric field is created in
the absorption region. The schematic of the structure of APD is shown in Fig.
3.5. The created electron-hole pairs in the absorption region drift by the electric
field and cause an “avalanche” multiplication during the drift. The drift length is
an order of ∼ 100 µm and the movement of the electron-hole pairs is independent

I
Liner
-mode

Geiger
-mode

VVopVbd

ON

OFF

charge

discharge

quenching
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Operation of Multi-pixel 
Geiger-mode APDs

• All the pixels are 
connected in parallel

• Taking sum of all pixels, 
one can know how many 
pixels are fired ∝ how 
many photons are 
incident !
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18 CHAPTER 3. MULTI-PIXEL PHOTON COUNTERS (MPPC)

Figure 3.3: Structure of APD pixels for latest MPPC samples. The left (right)
figure is for a 100 (400) pixel device and the size of each pixel is 100 × 100 (50
× 50) µm, respectively.

3.2 Operational principle of MPPC

At first we explain the principle of APD which is a component of MPPC. APD is
a semiconductor photodetector. In a semiconductor photodetector the formation
of a pn-junction creates a special zone, called absorption region, in the interface
between the p-type and n-type materials. This is illustrated in Fig. 3.4. Because
of the difference in the concentration of electrons and holes between the two
materials, there is an initial diffusion of holes towards the n-region and a diffusion
of electrons towards the p-region. As a consequence, the diffusing electrons fill
up the holes in the p-region while the diffusing holes capture the electrons in the
n-region. Since the p-region is injected with extra electrons, it becomes negative
while the n-region becomes positive. This creates an electric field across the
pn-junction. Because of this electric field, there is a potential difference across
the junction. The region of changing potential is called as an absorption region.
The incoming photon into the absorption region will create electron-hole pairs
which are swept out by the electric field. The current signal corresponding to the
movement of the electron-hole pairs is proportional to the number of incoming
photons to the semiconductor detector. In general, however, the intrinsic electric
field is not intense enough to provide efficient charge collection. In order to obtain
good charge collection, we usually apply a reverse bias voltage to the junction.
By applying a reverse bias voltage, the absorption region spreads to the whole
detector. In an avalanche photodiode a high reverse voltage (100 ∼ 200 V) is
applied and the multiplication region which has a high electric field is created in
the absorption region. The schematic of the structure of APD is shown in Fig.
3.5. The created electron-hole pairs in the absorption region drift by the electric
field and cause an “avalanche” multiplication during the drift. The drift length is
an order of ∼ 100 µm and the movement of the electron-hole pairs is independent
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Output from Multi-pixel 
Geiger-mode APD
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Figure 4.3: Raw signals of 100 (left) and 400 (right) pixel devices taken with
an oscilloscope. A pink line in each figure shows a gate signal to the ADC.
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Figure 4.4: ADC distributions of 100 (left) and 400 (right) pixel devices. The
leftmost peak in each figure is the pedestal.

Clear separation of 
1,2,3... photoelectron (p.e.) peaks!

[@ room temperature]
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Comparison of photo-sensors

22

PMT APD `SiPM’

Gain 106-107 ~100 105-106

Operation voltage(V) 1-2k 300-500 <100

Active area ~>100cm2 ~10mm2 ~1mm2

Dark count (Hz) <1k 0.1-1M

Photon detection efficiency 
(blue-green) 20-30% 75-80% 20-50%

Magnetic field x o o
tested to 7T



Example: 
Hamamatsu MPPC
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MPPC by Hamamatsu
• Structure based on CMS-APD

• n+-substrate

• Lower noise

• Sensitivity to short wavelength

• Currently on catalogue:

• 1x1/3x3 mm2 active area

• 25/50/200 µm pixel pitch

• Metal/ceramic package or 
surface mounted

24

Solid State Div.HAMAMATSU

Photon is our Business

! MPPC’s future plan

"Increase reproducibility and uniformity

" Large sensitive area , Array and Matrix

"Enhance PDE

"Suppress after pulse and cross talk

"Quenching resistance optimization

"Package development (small, cheap, rugged) 

"Custom design ( pitch, package, array)
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MPPC lineup

25

K.Yamamura, PD09

Pixel size: 25/50/100µm
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Catalogue spec

26



Parameters and 
performance



Basic response
(signal generation)
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Gain

• C: capacitance of one pixel

• V: applied voltage

• Vbd: breakdown voltage.

• V-Vbd called ‘overvoltage (ΔV)’.

• Gain ≡ Q/e : 105-107.
simple or no amplifier required.

29

Q=∑C(V-Vbd).
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High gain

• Large amplification in thin layer

• No nuclear counter effect.

• Charged particle produces just 1pe 
equivalent charge.

• No avalanche fluctuation. 

• Small excess noise factor (in principle, 
see later discussion) in contrast to APD.
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Gain&Vbd: most basic parameters

• Gain of MPPC can be 
measured with well-
separated p.e. peaks:
Gain=Q/e 

• Using linear relation, 
breakdown voltage 
(Vbd) also derived

31
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Measured gain

• MPPC has >>105 
gain at room 
temperature,
with V<<100V.

• Gain is (linearly) 
dependent on 
ΔV.

• dM/dV~X%.

32

!"# !"#$%&$%&'

!"#$%&'()*+,'',(*(-.%/%'0(112+% !"#$%'0)('0),*(,344-/%'0)112+%

!"#$$%&'('-567%*089(('(2* ) +9:)

!")$$%&'('-567%*09):('(2* ) ))9(

&#!*+++

,-./0#123456!34789:;<=>?@AB6

106

Bias voltage [V]
69 70

15oC
20oC
25oC

0

4

8

12

Gain (105)



Masashi Yokoyama, University of Tokyo I Seminario Nazionale Rivelatori InnovativiGeiger-mode APDs

Temperature dependence

• Many parameters of MPPC are known to 
depend on ‘over-voltage’ ΔV≡V-Vbd

• Vbd linearly depends on temperature
dVbd/dT~-50mV/K
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Breakdown Voltage

• Measured slope (50mV/K) is consistent with

the slope observed around room temperature. 

• We evaluated breakdown voltage from  gain curve.

H. Otono
@PD07

(Also many measurements 
around room temperature)

1600 pixel 
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Linearity / saturation
• If more than one photon 

enter the same pixel, it gives 
only signal equal to that of 
one photon.

• The output signal is 
proportional to the number 
of fired pixel, when the 
number of incident photon 
is small.
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Photon detection efficiency (PDE)

• PDE consists of three factors:

• Geometrical factor (fill factor):  εgeom

• Quantum efficiency : QE

• Avalanche trigger probability : εtrig

35

➡Determined by design

➡Dependent on wavelength

➡Dependent on overvoltage
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Geometric fill factor

• Determined by the design

• Need some space for 
isolation, resistors, ...

• Smaller pixel means less 
active region

• 30.8/61.5/78.5 % for 
25/50/100µm MPPC

36

S.Korpar, PD09

18 CHAPTER 3. MULTI-PIXEL PHOTON COUNTERS (MPPC)

Figure 3.3: Structure of APD pixels for latest MPPC samples. The left (right)
figure is for a 100 (400) pixel device and the size of each pixel is 100 × 100 (50
× 50) µm, respectively.

3.2 Operational principle of MPPC

At first we explain the principle of APD which is a component of MPPC. APD is
a semiconductor photodetector. In a semiconductor photodetector the formation
of a pn-junction creates a special zone, called absorption region, in the interface
between the p-type and n-type materials. This is illustrated in Fig. 3.4. Because
of the difference in the concentration of electrons and holes between the two
materials, there is an initial diffusion of holes towards the n-region and a diffusion
of electrons towards the p-region. As a consequence, the diffusing electrons fill
up the holes in the p-region while the diffusing holes capture the electrons in the
n-region. Since the p-region is injected with extra electrons, it becomes negative
while the n-region becomes positive. This creates an electric field across the
pn-junction. Because of this electric field, there is a potential difference across
the junction. The region of changing potential is called as an absorption region.
The incoming photon into the absorption region will create electron-hole pairs
which are swept out by the electric field. The current signal corresponding to the
movement of the electron-hole pairs is proportional to the number of incoming
photons to the semiconductor detector. In general, however, the intrinsic electric
field is not intense enough to provide efficient charge collection. In order to obtain
good charge collection, we usually apply a reverse bias voltage to the junction.
By applying a reverse bias voltage, the absorption region spreads to the whole
detector. In an avalanche photodiode a high reverse voltage (100 ∼ 200 V) is
applied and the multiplication region which has a high electric field is created in
the absorption region. The schematic of the structure of APD is shown in Fig.
3.5. The created electron-hole pairs in the absorption region drift by the electric
field and cause an “avalanche” multiplication during the drift. The drift length is
an order of ∼ 100 µm and the movement of the electron-hole pairs is independent
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QE

• QE for APD can be as 
high as 80-90%.

37

Hamamatsu S8664 APD
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Trigger probability
• εtrig  depends on the position 

where carrier is created.

• Electron has better 
probability to trigger a 
breakdown.

• Photon converted in p-layer 
has larger εtrig.

• Wavelength dependence 
determined by structure.

38
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p-on-n n-on-p

39

Structure

Shallow p region
⇒ blue sensitive

deep p region
⇒ red sensitive
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PDE from MPPC catalogue

40

Includes crosstalk & afterpulse 
(20-30% overestimate)
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PDE

41

• Avalanche triggering 
probability εtrig has large 
dependence on ΔV.

• It makes the overall 
PDE dependent on ΔV.

• Large ΔV gives better 
PDE, but limitation
 due to dark count, 
cross-talk, afterpulse 
(discussed later).

MY, NDIP08
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Pixel size:
consideration

• Larger pixel gives better PDE. (fixed area of 
dead region)

• Total area limited by dark count rate 
→ number of pixel smaller
→ saturation against large number of 
photons.

• Tradeoff b/w PDE and linearity.

42
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Pulse shape and recovery
• Signal ‘rise time’ usually very fast (~a few ns).

• Fall time / pixel recovery time determined by 
recharging through RC.

• Larger pixel size = large C, longer recovery

43
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Timing resolution

• Fast breakdown 
process in thin (a few 
µm) multiplication 
layer.

• Timing resolution 
expected to be 
very good even 
with single photon.

44

S.Korpar, PD09
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Summary and next
• Today’s topics

• Introduction

• Signal generation: Gain, PDE, timing

• Tomorrow:

• Dark noise, cross-talk, afterpulse

• Radiation damage, device stability

• Devices on the market

49


