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“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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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
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R&D over the world
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HPK

CPTA
MEPHI/PULSARSenSL

ITC-irst
MPI Dubna/Mikron

Some maybe missing..

aPeak??
Kotura??
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Why so interesting?
• Many advantages:

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

• 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

6
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Example of considered applications

• HEP

• Neutrino detectors

• ILC calorimeter/muon detectors

• Aerogel-RICH for super-B, ....

• Astrophysics

• Air Cherenkov telescopes, ....

• Medical

• PET, .....

7
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T2K near detectors

• Measure ν properties just after production

• Most of sub-detectors will use plastic 
scintillators + wavelength-shifting fibers

• Some placed inside magnetic field

• Severe constraint on available space

• Chosen MPPC (Hamamatsu device) 
as the photo-sensor

• ~60,000 channels in total

• First use in large-scale real exp.
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(Long baseline ν oscillation experiment from 2009)

NBI06, CERN, September 2006NBI06, CERN, September 2006 2727

!"#$%&'()*+,&-&$.)!"#$%&'()*+,&-&$.)

+$)/+$)/0012341234

T.IshidaT.Ishida
(IPNS, KEK)(IPNS, KEK)Near Neutrino Detectors at 280mNear Neutrino Detectors at 280m

Off-axis detector

Spectrum

Cross section

!e contamination

UA1 magnet, FGD, 

TPC, Ecal,…

On axis detector

Monitor beam dir.

Grid layout

Scintillator+WLS

fiber with

MRS APD (Russia)

MPPC (Hamamatsu)

Off-axis

On-axis

17.5m

14m

Example of application:
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 Avalanche Photodiodes (APDs) 

• Photon creates e-h pair near surface

• 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 some case)
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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
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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 operation of APDs

• Operation above 
the breakdown voltage

• High internal gain

• Binary device 

• Same amount of charge 
regardless of number of 
incident photons

• Discharge may be 
‘quenched’ by external 
register
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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: 
Qpixel=Cpixel • (Vop-Vbd)

• Cpixel~10-100fF and 
ΔV≡ Vop-Vbd~1-2V gives 

Qpixel~105-106e 
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20-100µm
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 !

• Q=∑Qpixel=N⋅Qpixel
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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

15

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) ~15% 75-80% 20-50%

Magnetic field x o o



Multi-Pixel Photon 
Counters (MPPC)

Menlo Park Presbyterian Church →
www.mppc.org

http://www.mppc.org
http://www.mppc.org
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MPPC by Hamamatsu
• Structure based on CMS-APD

• Currently on catalogue:

• 1x1mm2 active area

• 100/50/25 µm pixel pitch

• Metal or ceramic package

• In future..

• Larger area: 3x3mm2 (5x5mm2)

• Larger pixel pitch

• More variations of package
17

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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Spec by Hamamatsu

18 Solid State Div.HAMAMATSU

Photon is our Business

! Specification of 1mm�, MPPC

1600 400 100



Performance of MPPC
for 50µm pitch device, unless noted
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Key performance (1)

• Basic parameters

• Gain

• Noise

• Photon detection efficiency

• Timing resolution

20
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Gain&Vbd
• Gain of MPPC can be 

measured with well-
separated p.e. peaks:
Gain=Q/e 

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

21
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Measured gain

• MPPC has ~106 
internal gain.

22
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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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Dark noise rate

• Measured 
with scaler

• 1p.e. noise 
dominates

24

Bias voltage [V]
69.2 7069.6

15oC
20oC
25oC

0.5p.e. threshold

1.5p.e. 

0

200

400

~ order lower 
than other 
‘SiPM’ type 

devices

[kHz]
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Photon Detection 
Efficiency (PDE)

• Probability of detecting single photon 
entering the surface of device

• Three major components:

• Geometrical efficiency 
(30/60/78% for 25/50/100µm pixles)

• Quantum efficiency

• Probability to trigger Geiger avalanche

• Depends on over-voltage.
25
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Photon Detection Efficiency

• Measured using PMT (bialkali, QE~15% by catalogue) 
as reference

• Compare detected number of p.e.

• Light source: Blue LED (Nichia NSPB500S, peak λ~470nm)

26

1 inch PMT

MPPC

Movable stage

1mm dia. slit

LED
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Photon Detection Efficiency

• PDE for MPPC is higher than PMT.

27

10

Result of PDE measurement

• PDE of MPPC is about 2 times 
higher than that of PMT.

Relative PDE  400pixel : !VRelative PDE  400pixel

Over voltage [V]

   0.5          1         1.5         2          2.5  

Bias voltage [V]

          69 .5            70              70.5 

2!PMT

1!PMT

Blue : 15!"
Green : 20!"

Red : 25!"

ΔV≡V-Vbd

15oC
20oC
25oC

*p.e. for MPPC derived from pedestal fraction 
to avoid cross-talk and after-pulse effects. 
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PDE from catalogue

28

Solid State Div.HAMAMATSU

Photon is our Business

Photon Detection Efficiency !PDE"

100#m Pixel

!100 pixel type"

50#m Pixel

!400 pixel type"

25#m Pixel

!1600 pixel type"

$including the cross-talk and after pulse* Measured with current:
includes effects from cross-talk and after-pulse.
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Timing resolution

29

410nm

σ~110ps

Sample MPPC
Bias	 -71.5V
Threshold   0.5pe
Only Single photon data

636nm

σ~103ps

Measured w/ pulse laser 
636 / 410nm

Time walk 
corrected.

T. Iijima @PD07
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Key performance (2)

• Parameters under intensive study..

• Optical cross-talk

• After-pulse

• Radiation effects

30
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Optical cross-talk

• Photons created during avalanche 
can enter neighboring pixels

• They can trigger additional 
avalanche → optical cross-talk

• Increase excess noise factor

31
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After-pulse

• Carrier trapped in impurity state 
may be released after certain time 
and cause delayed avalanche in the 
same pixel, or after-pulse

• Also increase excess-noise factor

32
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Measurement of 
cross-talk and after-pulse

33

Fraction of pedestal events

Poisson statistics

Estimate `true’
1p.e. events

Observed
1p.e. eventsComparison

Probability of cross-talk&after-pulse

9

Charge (ADC) distribution

*Only combined probability can be 
measured with this technique.



M. Yokoyama @ SLAC AIS, 8/22/2007 /47

Cross-talk & after-pulse

34 14

Cross-talk & after pulse rate  400pixel : !VCross-talk & after pulse rate  400pixel

50%

25%

Blue : 15!"
Green : 20!"

Red : 25!"

Result of cross-talk & after pulse rate 
measurement

• Cross-talk & after pulse rate is 
a function of !V.

Vop(HPK)

Over voltage [V]

   0.5          1         1.5         2          2.5  

Bias voltage [V]

          69 .5            70              70.5 

Significant effect observed.
Depends on over-voltage.

S. Gomi
(Kyoto)

Gate width: 800ns
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Possibility of cross-talk 
suppression

35

Solid State Div.HAMAMATSU

Photon is our Business

Al optical separation and Trench 

etching

Al optical separation

Trench etching

K. Yamamoto @ PD07
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Study of after-pulse

• Special structure with only one pixel

• No cross-talk effect

• Pixel structure identical to usual ones

• Using delayed gate
with self-trigger,
measure time 
constant of after-
pulse

36
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Measured time constant

• ~50ns for 50µm pixel (~150ns for 100µm)
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More study in near future.

S. Gomi
(Kyoto)
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Radiation effects

• Several studies in Japan:

• γ-ray irradiation with 60Co

• Proton irradiation at RCNP 53.3MeV 
cyclotron

• Neutron irradiation at reactor (ongoing, 
not reported here)

38
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γ-ray irradiation

39
07/06/27~29 PD07@Kobe 12

Leakage current after each irradiation

! Leakage current at Vop increased ~1.7 times by these irradiations

   comparing the second half of each data

! Annealing effect were observed from 120Gy irradiation

! Leakage current changed so much just after 200Gy and 240Gy

"#240

"#200

"#160

"#120

"#80

"#40 

"#0
        [Gy]

(!V=1.2,

  25$%

0.23 "A
0.39 "A

• Leakage current after every 40Gy irradiation

• Annealing observed

60Co

T. Matsubara
@PD07
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γ-ray 
irradiation

40

07/06/27~29 PD07@Kobe 19

! No significant change was observed

    Variation of the gain within the systematical effect by temperature

Gain vs Bias voltage
3

"#240

"#200

"#160

"#120

"#80

"#40

"#0
         [Gy]

   (25$%

07/06/27~29 PD07@Kobe 21

2p.e. noise rate

1p.e. noise rate

Noise rate, Crosstalk vs Bias voltage

! Noise rate increased with radiation

! 1 p.e. noise rate at Vop increased ~1.5 times after 240Gy irradiation

  (280kHz "#430kHz)

! For crosstalk, no significant change was observed

Noise rate vs Bias voltage

$%240

$%200

$%160

$%120

$%80

$%40

$%0

 [Gy]

(25&'

Crosstalk vs Bias voltage

Gain vs Bias voltage

T. Matsubara
@PD07
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Proton irradiation

41
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    Sample #20 (130 Gy/h)
    Sample #21 (  16 Gy/h)

T. Matsumura
@PD07
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Proton irradiation

42

• Photon-counting capability is lost due to baseline shifts and 
  noise pile-up after 21 Gy irradiation.

0 Gy

2.8 Gy

5.5 Gy

8.0 Gy

Sample #21 (16 Gy/h) Sample #20  (130 Gy/h)

0 Gy

21 Gy

42 Gy

noise rate
270 kHz

6.9 MHz

>10 MHz

>10 MHz

noise rate
270 kHz

>10 MHz

>10 MHz

gate width : 55 ns
Noise-rate measurements were 
limited due to scaler performance

T. Matsumura
@PD07
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Are you interested?
• Many advantages:

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

• 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

43
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• Workshop for photo-
detectors, especially 
focusing on Geiger-
mode APDs, was held 
in June at Kobe.

• Presentations are 
available on the web.

• ‘PD08’ will be held in 
fall 2008 in Matsumoto 
(central Japan).

44

For more information,

http://www-conf.kek.jp/PD07/

http://www-conf.kek.jp/PD07/
http://www-conf.kek.jp/PD07/


M. Yokoyama @ SLAC AIS, 8/22/2007 /47

Final remarks

• MPPC (and other pixelized Geiger-mode APD) 
has many attractive features. 

• Still new device:

• There is much room for improvement/optimization

• Many intense R&D ongoing over the world

• Direction of development depends on usage

• Important parameters different for each application
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Gain Noise Dynamic 
range

PDE Cross-
talk

Cost ......

Number 
of pixels

ΔV

Temp

Special 
structure

Active 
area

.......

– + –

+ + + +

– + – + ?

–? +?

+ + +?

** There may also be correlation...

• Hope this talk helps to understand current situation 
and to design your experiment!

* Not a complete table but biased by personal view



Thanks!
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MPPC structure

• Used for CMS-ECAL APD

• Better quantum efficiency to shorter wavelength
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Photon is our Business
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‘Reverse structure’: p+ on p- epi
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Photon is our Business

Photo Absorption coefficient of Silicon
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Photon is our Business
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Dynamic range
• Intrinsically limited by finite number of pixels

• Affected by cross-talk probability

• Also depends on time structure of input 
photons
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Response Curve
Response curves taken with
various width of LED light pulses.
(gate width = 100 ns)

• Dynamic range is enhanced with longer light pulse,
• Time structure of the light pulse gives large effects in non-linear region.
• No significant influence with changing bias voltage.
• Knowing time structure of scintillator light signal is crucial
   -> study is ongoing.
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Recovery Time Measurement
MPPC

delay LED

• Inject blight laser pulse
   (width=52 ps) into the MPPC
• After delay of Δt, inject blight LED
   light pulse, and measure MPPC
   outpu for the LED pulse.
• Compare the MPPC output for the
   LED pulse with and without the
   first laser pulse.

Δt

Black  … MPPC output for Laser pulse
Green … MPPC output for LED pulse
Red     … Laser + LED
Blue … (Laser+LED) - Laser

Ratio of Blue / Green shows
recovery fraction.

t (µsec)

Oscilloscope view

S.Uozumi @ PD07



Recovery Time Result
The curve is fitted by a function

tD : dead time
τ : recovery time

Delay

  R
ec

ov
er

y 
fr

ac
tio

n 
(%

)

Vbias (V) τ (nsec) tD (nsec)

71.0 4.1 + 0.1 1.9 + 0.1

71.5 4.0 + 0.1 1.7 + 0.1

72.0 4.2 + 0.1 1.3 + 0.1

• Recovery time of the 1600-pixel MPPC ~ 4 ns.
• The shape does not depend on bias voltage.

Vbias =
• 71.0 V
• 71.5 V
• 72.0 V

at 25 oC

S.Uozumi @ PD07



•　Beam intensity ...  monitored with two plastic scintillates

Cu collimator
3.5 mmφ  10mmt   black sheet

beam pipe

beam stopper (Pb)
proton beam
53.3 MeV

vacuum window (Al  0.1mm)

MPPC

substrate

80 mm198 mm

     scintillator

Experimental setup



Variation of the leakage current
(higher flux irradiation)
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Sample #20
2.3×105 protons/mm2/s (130 Gy/h)

• The leakage current lineally increases with irradiated doses.
• Annealing effects are seen. But the radiation damage is not completely
   recovered within a few hour.

irradiation (10 min.)

irradiation (10 min.)
measurement
(2 h)

28.0±0.1℃

recovery

recovery
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Sample #21
3.0×104 protons/mm2/s (16 Gy/h)

time (h)

• Similar tendency was observed as the higher-flux irradiation 
  except for increasing rates of the leakage current.

irradiation(10 min.) irradiation(10 min.)

irradiation(10 min.)

measurement
(1.4 h) measurement

(1.3 h)le
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27.4~27.8℃ 27.2~27.4℃ 27.0~27.2℃

recovery

recovery

recovery

Variation of the leakage current
(lower flux irradiation)
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