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Low Light Level photon detector 

 

Vacuum photomultiplier (PMT) 

Silicon Photomultiplier (SiPM) 

•Sensitivity to single photons 

•Possibility to measure light intensity 

•Excellent amplitude resolution 

•Negligible nuclear counting effect 

•Immunity to magnetic fields up to 7 T 

 

 

•Compactness 

•Low weight 

•Low power consumption (~50W) 

•Low voltage supply (20-100V) 

•Fast signal (~1 ns front) 

•Simple FE electronics 

•Room temperature operation 

 



Outline: 

1. Silicon Photomultiplier (SiPM) 

2. SiPM main parameters 

3. Advanced SiPMs (Innovative technology) 
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5. Packaging and Matrixes 

6. SiPM applications 

7. Summary 
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Around 1990 the initial prototypes of SiPM (MRS Metal- Resistor Semiconductor APD‘s) were 

invented in Russia (V.Golovin,Z.Sadygov,N.Yusipov(Russian patent#1702831, from10/11/1989) 

Silicon Photomultiplier (SiPM) 

But nevertheless they look 

very promising detectors  

for Experimental Physics! 

They had : 

Too difficult and unreproducible technology  

Too low light detection efficiency (of about 1%) 

Unclear operational principle 
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Homage of Boris Dolgoshein (1930-2010) 

Professor MEPHI 

Head of the particle-physics 

department of MEPHI 

 

Inventor of streamer chamber (1962) 

Developer and pioneer of Transition 

Radiation Detector (TRD) 

 

 

 

prof. Dolgoshein started to develop novel photodetectors which he called 

Silicon Photomultipliers (SiPM) since 1993 

Now we have at MEPHI the new organized and well equipped in framework of 

the Russian Megagrant Program the Silicon Photomultipliers laboratory with 

~ 50 employees 
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R 50 

h cell 

U 60V 

substrate 

•Each cell – p-n-junction in selfquenching Geiger mode 

•cell numbers:  10010000/mm2 

•All cells are equal  

•Cells are independent from each other 

•Signal – is a sum of all fired cells 

Multicell device with common readout 

Cell signal -  0 or 1 

But SiPM is analogue device 

 

Silicon Photomultiplier (SiPM) 
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Output signal doesn’t depend from input 

Output signal value Q is determined by charge 

accumulated  on a cell capacitance 

 

 
Q = Ccell(V- Vbreackdown) 

    

М= Q/е –microcell gain 

М=105-107 

 Discharge duration – of about 1 ns 

(selfquenching due to resistor) 

Geiger mode features 

Silicon Photomultiplier (SiPM) 
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•Response function depends on total number of microcells inside SiPM 

•Saturation correction is possible 

 

light dark 

 more intensive light  

 

light dark 

low intensity light 

“light” and “dark” signals are identical  
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SiPM main parameters 
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•Photon Detection Efficiency PDE 

 

•Crosstalk xt (afterpulsing ap) 

•Gain G 

 

Dark rate f= <ndark>/T, 

 

where T – integration time 

 

•Intrinsic jitter t 

SiPM’s single pixel spectrum is very useful thing for precise measurements! 

There are allow us to determine all main SiPM parameters.  

Quite important – PDE, gain and xt are measured independently 

Important – no signal, no crosstalk!!! 
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Main protection from crosstalk – optical trenches between the SiPM cells 

MEPhI/MPI SiPMs  

P. Buzhan et al. / NIM A 610 (2009) 131–134 

(IMAGING2010 Stockholm, Sweden June 8 – 11, 2010  

B.Dolgoshein “Silicon Photomultiplier”) 

A.Lacaita et al. IEEE TED(1993) 

Geiger discharge emits secondary photons 

 

MEPhI/MPI SiPMs 

 Crosstalk (XT) 

SiPM main parameters 
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PDE vs. XT 
What is better – 

 High PDE and high XT? 

 Low XT and low PDE? 

Of course High PDE and low XT! 

But       You can find quantitative answer  

in Sergey Vinogradov’s SiPM statistical analysis: 
S. Vinogradov, Analytical models of probability distribution and excess noise factor of solid 

state photomultiplier signals with crosstalk, Nucl. Instruments Methods Phys. Res. Sect. A 

Accel. Spectrometers, Detect. Assoc. Equip. 695 (2012) 247–251. 

doi:10.1016/j.nima.2011.11.086.  

S. Vinogradov et al., Probability distribution and noise factor of solid state photomultiplier 

signals with cross-talk and afterpulsing, 2009 IEEE Nucl. Sci. Symp. Conf. Rec. (2009) 1496–

1500. doi:10.1109/NSSMIC.2009.5402300. 

 S. Vinogradov et al., Efficiency of Solid State Photomultipliers in Photon Number Resolution, 

IEEE Trans. Nucl. Sci. 58 (2011) 9–16. doi:10.1109/TNS.2010.2096474. 

SiPM main parameters 
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 SiPM main parameters 

Working point 
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(25 m) 

 SiPM main parameters 
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SiPM Photon Detection Efficiency (PDE) 

 

2nd advanced SiPM CTA workshop (March 2014)  

 PDE is higher then 60%! 

Advanced SiPMs 
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2nd advanced SiPM CTA workshop 2014 

PDE&Crosstalk Advanced SiPMs 

MEPHI/MPI 

NDIP2011 

Hamamatsu 

2014 

4% 

8% 

PDEmax=58% 

PDEmax=50% 
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Second generation of optical trenches developed by KETEK 

F.Wiest NDIP2014 

Advanced SiPMs 

XT=2.5% 
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Excelitas Technologies 

Advanced SiPMs 

5% 
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Advanced SiPMs 

60kHz/mm2 
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Advanced SiPMs 

60kHz/mm2 
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Advanced SiPMs 

90kHz/mm2 
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Advanced SiPMs High Density SiPMs 

46% 
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 High density 

12 micron, PDE=35% 

Advanced SiPMs 
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Advanced SiPMs 

Metal resistor is less sensitive to temperature then polisilicon one 
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SENSL 

Advanced SiPMs 
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OPTICS LETTERS / Vol. 39, No. 3 / February 1, 2014 

Analog SiPM 

External 

electronics 

are required 

Digital SiPM (Philips)  

Ideal multidigital SiPM TUI Delft MD- SiPM  

Digital and Multidigital SiPMs 
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Digital and Multidigital SiPMs 

Cell of an “Ideall” multidigital SiPM – too space and power consuming 



FAIR 2014 28 E.Popova MEPhI 

Digital and Multidigital SiPMs 
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Digital and Multidigital SiPMs 
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Digital and Multidigital SiPMs 
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Digital and Multidigital SiPMs 
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Digital and Multidigital SiPMs 
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KETEK PM5550:                4-side buttable SiPM single channel solution 

PM5550:  4-side buttable SiPM 

single channel 

Cell type: 50 µm pitch 

Number of micropixels: 11164 

Active pixel area: 0.2791 cm2 

5.2mmx5.2mm 

Chip size: 5.60 mm x 5.60 mm 

Package size: 6.0 mm x 6.0 mm 

SiPM-Chip 

Based on PM5550  

Array Dimensions: 

3x3 SiPM array 

9 output signals / 9 bias supplies 

total PCB size:   17.8 x 17.8 mm²  

total active area: 9 x 27.9 mm2  

SiPM to package fill factor:   F = 79.3% 

symmetric package 

 

 

 

Matrix prototype 

Packaging and Matrixes 

standart new 
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Packaging and Matrixes 
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->40% green - 50% blue 

->10 m  10,000 pixels/mm2 

30-100 kHz/mm2 

<10% 

TSV commercially available  
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SiPM applications 
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Physical Tile HCAL CALICE Prototype 

 
 

Event reconstruction 

Data monitor 

Prototype has been successfully tested at DESY, CERN and FNAL during last years 

SiPM applications 
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SiPM applications 
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SUMMARY 
 Other materials beside  of silicon are not presented here 

 Different analog SiPM constructions are not presented here 

 Different digital and semidigital approaches are not presented here 

 

 

 Noise reduction are ongoing and will be improved further 

 Crosstalk reduction continues due to improving of trench 
technology 

 Afterpulsing reduction under way by using new materials, 
technology improvement 

 Detection efficiency for UV and IR light are under 
development 

 Timing will be improved both for analog and digital 
approaches 

 Analog SiPM+electronics – with direct connection to 
computer is a strong desire of SiPM potential users 
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Voltage stability SiPM 100B for 5V (15%) overvoltage 

0 1 2 3 4 5 6
0

4

8

12

16

20

24

28

32

G
a

in
 *

1
0

5

Overvoltage (U), V

0

2

4

6

8

10

12

14

16

 R
e

la
ti
v
e

 g
a

in
 v

a
ri
a

ti
o

n
, 

%
/1

0
0

m
V

mV
V

GdU

dG

100

%0.2
)5( 

0 1 2 3 4 5 6
0

10

20

30

40

50

60

P
D

E
(4

3
5
n
m

),
 %

Overvoltage, V

0

2

4

6

 R
e
la

ti
v
e
 p

d
e
 v

a
ri
a
ti
o
n
, 

%
/1

0
0
m

V

0 1 2 3 4 5 6
0,00

0,02

0,04

0,06

0,08

0,10

0,12

c
ro

s
s
ta

lk
 x

t

Overvoltage, V

0

2

4

6

8

10

12

 R
e

la
ti
v
e

 x
t 

v
a

ri
a

ti
o

n
, 

%
/1

0
0

m
V

mV
V

dU

d

100

%25.0
)5( 





mV
V

xtdU

dxt

100

%6.5
)5( 

6th NDIP 2011 E. Popova et al. 

”Large area UV SiPMs with extremely low 

cross-talk”  

 

latest MEPhI/MPI SiPM produced in cooperation with Excelitas 
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Temperature stability SiPM 100B  
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6th NDIP 2011 E. Popova et al. 

”Large area UV SiPMs with extremely low cross-talk”  

 

latest MEPhI/MPI SiPM produced in cooperation with Excelitas 
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Main SiPM’s parameters. Gain vs Voltage for different T  

q
G

)U-(UC breakdownpixel 


50 100 150 200 250

0

2000

4000

6000

8000

50 100 150 200 250

0

200

400

600

800

1000

1200

1400

1600

1800

QDC channel 

E
v
e
n

ts
 

Light 

<Nfired pixel > =1 

Dark 

<Nfired pixel >=0.03 

0 

2 3 

0 

1 

E
v
e
n

ts
 

Gain 

We need to collect SiPM’s 

spectra for different voltages 

32,5 35,0 37,5 40,0

0

5

10

15

20

25

30

 

P
ix

e
l 
g

a
in

. 
1

0
5

Bias voltage U, V

 T = +20  U
bd

=34,15

 T = +15  U
bd

=34,04

 T = +10  U
bd

=33,91

 T = +5  U
bd

=33,79

 T = 0  U
bd

=33,65

 T = -5  U
bd

=33,49

 T = -10  U
bd

=33,36

 T = -20  U
bd

=33,08

 T = -30  U
bd

=32,81

 T = -40  U
bd

=32,53

 T = -50  U
bd

=32,26

 T = -60  U
bd

=31,98

 T = -70  U
bd

=31,71

 T = -80  U
bd

=31,43

Ubreakdown           G=0 Overvoltage U=U-Ubreakdown  

Ubreakdown  and U–are needed for different type SiPM comparison 

With temperature decreasing Ubreakdown  

decreases too – temperature sensitivity 
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SPTR of a stand alone SiPM cell 
min threshold, focused 2 micron spot, <200fs 

 scope LeCroy WaveRunner 620Zi 2GHz 
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