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Progress in the development of SiPMs

D. Renker Ljubljana, 9.7.2015
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For the demonstration of the progress | will mostly show results from my recent

measurments with the very new device 3x3-50UM LCT5 from Hamamatsu

Principle

Dynamic Range

Dark Counts

Photon Detection Efficiency (PDE)
Temperature Dependence
Crosstalk

Afterpulses

Timing

Radiation Hardness

D. Renker Ljubljana, 9.7.2015
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100 — 1600 cels Key personalities in this development:
o V. Golovin, Z. Sadygov

Quench
resistor

e Each cell is reverse biased above breakdown

e Selfquenching of the Geiger breakdown by
individual serial resistors

e Sensitive to single photons

| @ p— e High gain up to 10’

e Number of cells 100 to 40,000 / mm?

Resistor
~1 MOhm

DepletionI (i
Region
2 pm

e Recovery of cells after breakdown 5 to 1000 ns

NIM A 504 (2003) 48
D. Renker Ljubljana, 9.7.2015
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G-APDs produce a standard signal when any of the cells goes to breakdown. The amplitude
A, is proportional to the capacitance of the cell divided by the electron charge times the
overvoltage.

A ~C/qe(V-V,) (V—-V,) we call “overvoltage”

V is the operating bias voltage and V, is the breakdown voltage.

When many cells are fired at the same time, the output is the sum of the standard
pulses.

A=3A The summing makes the device analog again.

4 T 1600
b 1A 48.8ns A B00uV
@: 1.32us @: —800pV

i . 300-|
5 200-|
3 5.00mV--M20.0ns ‘A Ch1 \ -220mv 100

0
5 i1.200% N 2 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500

Oscilloscope picture of the signal from a G-APD (Hamamatsu 1-53-1A-1) recorded without amplifier (a) and the
corresponding pulse height spectrum (b).

D. Renker Ljubljana, 9.7.2015
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1000 4 @ 0,9
P g SR
@ 1 |
2 100 4 & m 576
o ] Y o 1024
. . . N ] 2 o © 4096
The output signal is proportional to the number g ] ¥
of fired cells as long as the number of photons 2 ; ¢
in a pulse (N,;,.0,) times the photo detection il | | |
efficiency PDE is significantly smaller than the 1 N ibecor riobieckons:
20
number of cells N, ... 1 NIMA 540 (2005) 368
100 — Measured
80
Nphozon'PDE ;E:so
AzN =N .(l_e Ntotal ) 040
firedcells total »
0
2 or more photons in 1 cell look exactly like 1 ’ . ST
Smgle phOton' 600+ n MW-3 (3x3 mm?), 1=1.73 pA
3001 { R, =122+01%
When 50% of the cells fire the deviation from f
linearity is 20%. o = W

D. Renker

Amplitude (pC)

G-APD from CPTA/Photonique with ~400 cells/mm?2
and from Zecotek with 15’000 cells/mm?Z.

Ljubljana, 9.7.2015
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Microcell Pitch (um)

G-APDs from Hamamatsu
have up to 10,000 cells/

mm?
Avalanch .
Al contact -% -% revg;c?:c © SiO2
Zecotek (Singapure) produces 3 ————— =
devices with 15,000 and 40,000 N oo e ek
cells/mm?. -
n-Si wafer
i epi N D oo Il f
The structure is different: o, e ctickgslcoNcliont
Density~10* mni?

Similiar are devices based on the principle of avalanches with negative feeback
from Amplification Technologies. They call them Discrete amplification Photo
Diode (DAPD).

D. Renker Ljubljana, 9.7.2015



&7
e

Lehrstuhl fiir
Biomedizinische Physik

A breakdown can be triggered by an incoming
photon or by any generation of free carriers. The
latter produces dark counts with a rate of 100 kHz to
several MHz per mm? at 25°C when the threshold is
set to half of the one photon amplitude.

Breakdown events initiated by thermally generated
free carriers can be reduced by cooling (factor 2
reduction of the dark counts every 8°C) and by a
smaller electric field (lower gain).

Field-assisted generation (tunneling) is a relative
small effect. It can only be reduced by a smaller
electric field (lower gain).

The dark count rate falls rapidly with increasing
threshold with steps that depend on the crosstalk
probability (~12% for the G-APD shown)

D. Renker

- Dark count rate

Dark Counts [kHz]

1000

100

0.1

0.01

0.001

Hamamatsu 01-100-2

—

2 3 4 5
Threshold [Number of Photo-Electrons]

6 7 8

Ljubljana, 9.7.2015
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Dark Counts today

TUTI

A carefull design and the use of high purity silicon reduced the dark count rate
significantly to 25 kHz/mm? at the nominal operating voltage.

dark counts [kHz]
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D. Renker
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The photon detection efficiency (PDE) is the product of quantum efficiency of the active
area (QE), a geometric factor (g, ratio of sensitiv to total area) and the probability that an

incoming photon triggers a breakdown (Py.c,)

PDE=QE-¢-P

trigger

The QE is maximal 80 to 90% depending on the wavelength.

100
20 A t
A
80 i

€, the geometric factor has been

optimized by all producers.

9

S

o o

The plot is from Hamamatsu w 70 A

= 60 i

[T

— 50 A

S 40 - : -

,ES 30 ‘ ﬁ + : Old MPPC Sem.-:s
E ‘ 4+ . New MPPC Series
o 20 = : Trench Series

S :
o 10

0 S S S
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Microcell Pitch (um)
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Hamamatsu 3x3-50UM LCT5 (50 micron pitch):

80 KETEK-50D-adv SiPM, T=23 C
70 80
0 H}}HH o
il RRRRAAEAEL
OE‘“’ ﬁ-ﬁ g % i T
o 30 II 2 40 f 1
20 : % %0 4
Q 20
10 o
10
° 53 54 55 56 57 58 59 0
25 26 27 28 29 30 31 32 33
bias [V] Bias [V]
from
I. Musienko

The PDE at the nominal voltage of 55 V (Hamamatsu recommendation) is 25% below the
maximal value. When we want a high PDE we need to go to higher bias voltages with all the
consequences on dark counts, crosstalk etc.

D. Renker Ljubljana, 9.7.2015
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I A
PDE !SIPM p On nJSXS mm 2: SiPM P on N, size 3x3 mm’ (pixel size 100x100 um, geom. eff. =0,6) T=-50 °C
_ H 60 . . . . - : -
OV/V=12% +0OC suppression j ' ' | | |
A A A A 405nm
SiPM 3x3 mm® PonN (pixel size 100x100 ym, ggom. eff. =0,6) T=-50 °C 50 + 7
4 A
L I A I I AL R I Wy v v vy 470 nm i
| [ ] ] ° \(
50 + L Overvoltage aU =4V - W 4 2
1 Relative overvoltage AU /U, = 0,12 g 30 6 J
] ® ] 8
40 o ] =
| 4 8 20 Y 4
] o
] ] 660 nm
i‘ 30 1 ] 10 % = o ° 2l
[} ®
o ]
20 systematic bias = 15% N 0 . . . . . T r ; . . ' T '
1 ® . 0 1 2 3 4 5 6 7t
] ] Overvoltage AU,V (current corrected)
10 4 ° ]
o’ = ~ 0).( 0). _
3é0 4[|]{] 4;30 5{'10 5;0 650 aéo PDE QE( 85 /0 € 60 /0 Ptrlgger
Wavelength i, nm
= I:)trigger =1

Test-product of Excelitas

R. Mirzoyan, SiPM for CTA SST

D. Renker Ljubljana, 9.7.2015
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Stability

The breakdown voltage and by this the gain varies with the temperature (phonon
interactions). Hamamatsu MPPCs have a rather wide high field region and therefore the
temperature coefficient is higher compared to SiPMs from other producers.

—
N
o O O

nodaia [agh upits]s
o o

o O

dM/dT*1/M [%]

y = 14.059x - 725.13
y =13.758x - 702.42

* o
ol|®

Hamamatsu 3x3-50UM LCT5

y =14.16[1x - 737.45

58 60 62

o ol® @
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D. Renker
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-0.2
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-1.2
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KETEK 8_3
A
y = 6.2p86x - 202.92 (20 degreg)
y = 6.3036x - 202.89 (10 degree)
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2 2
*
*
L 2
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Hamamatsu replaced the polysilicon quenching resistor by a thin metal layer.

Low Temperature coefficient [Polyaiicon Recistor]
of resistance S 100
Poly-Si Metal g 80
-2.37 kQ -0.43 kQ o
c
©
(/deg C) g 60
w
c
= 40
The Metal Quenching Resistor
(MQR) is transparent and 20
allows a better fill factor: 74% 200 400 600 800 1000 1200
for the 3x3-50UM LCT5 type. Wavelength [nm]

Maybe the radiation hardness
is improved.

D. Renker Ljubljana, 9.7.2015
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Hot-Carrier Luminescence:

10° carriers in an avalanche breakdown emit in
average 3 photons with an energy higher than
1.14 eV. (A. Lacaita et al, IEEE TED (1993))

When these photons travel to a neighboring

cell they can trigger a breakdown there. ) X [mm] P
: . : E 1 aasasssamsssssssss S
Optical crosstalk acts like avalanche fluctuations £ measssasssassaanaans M1
in a normal APD. It is a stochastic process. We s R H ] R
get an excess noise factor (F = 1 + crosstalk -+ T
e 0.CHEMEE D W N M EE "N sSrREam s
probability) SEsassasseanaancassalll: 3
-+HH T £
: ﬂ.‘a:ta?a.;u»‘~¢-\.:=g 6 U
_:?1:::|L:-:::‘.-,y aEan 4
2 02 EpEEeSIERERARIERRASEE
O’ SEDEARAIESEESSARNEER ,
M EII.I..IIIIIIIII.!{‘ -
F — 1 + - 0~|;v;?v:mrz-:c'.:vr'z?c;smurzaalal 5
M2 0 02 04 06 08 1
X [mm]

A. Tadday, 22.02.2010, SiPM Workshop DESY Hamburg

D. Renker Ljubljana, 9.7.2015
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depletion region 44%
Without optical  ——— o . 4 b -
crosstalk suppression 1 ':
w
Suppression by 3 ﬂ%
optical barrier )
0.11K, \,_
s
Supprle;sion by » § ]
optical barrier an . . -
aistl Bl S o High doping concentration ~10419
0.026 K., 123 . in between pixels - free carrier
absorption of OC light (~1000 nm)
12 (I.Resh et al. Optic Express 16(12)2008)
1 e S o e my Absorption of OC light(~1000 nm) in
o 10 _ _2:- _J! . 40 L] % - - - -
Time difference (pix1-pix2), ns “—— Sidamaged by ion implantation
(Patent pending)
_,”——— phe Single Double
e’ p-njunction  p-n junction
c R P n
€ g ........ ’.’4,1(. o ffeN . 0.0.0.0:0.0.0:0:.04h.0.0.0.0:0:0.m-0:0
= F.‘l grt \ P P

+ 100 um n n
light,

pixel 1 pixel 2
Optical crosstalk berween two separate pixels

D. Renker Ljubljana, 9.7.2015



SiPM with cross-talk suppression: World record
of ultra-fast light sensors in amplitude resolution

(5]
(=]
(=]
=]

[ 5]
[=]
[=]
(=]

| A1A et Pt
Ll HIN P.‘J.,I HiE Hs

AL RA VAR L L

150 160 170 180 190 200 210 220 230 240 250 2680 270 2E0 290 200

Mumber of events
MNurmber of events

170 180 120 200 210 220 230 240
QDC channel QDC channel

rll:rh14r=1915!l . ‘s

1.4

1.3

1.2

11

1.0

0.4

Number of events

0.8

0.7

0.6

Man, |

7 200 a50 L] 1000 1050 - 29 30

QDC channel Reverse bias, V
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Almost all SiPM from the different producers have now trenches between the cells.

Hamamatsu: Ketek:

D. Renker Ljubljana, 9.7.2015
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Hamamatsu 3x3-50UM LCT5

35 a Measurement based on dark rate ph.e. spectrum
30 KETEK SiPM device with a XT = Int(>1.5 phe)/Int(>0.5 phe)
30 82.5 um x 62.5 um cell pitch -
e O KETEK state-of-the-art trench
25 P Fit

<o 25 O New metal filled trench L
o

°\'? 20 / = . Fit

(=1 —

X / 3 20 4

- ©

S 15 / $
S

] & 15 i

o

S 10 » z e

o -

/ 9 10
[e]
5 & ‘5 A
el 51 -
0 . s J@—Q"M-
52 54 56 58 60 62 0 —— — —— : ,
. 0 1 2 3 4 5 6 7 8 9
bias [V]

Overvoltage V-V, [V]

D. Renker Ljubljana, 9.7.2015
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In the silicon volume, where a breakdown
happened, a plasma with high temperatures (few
thousand degree C) is formed and deep lying traps
in the silicon are filled. Carrier trapping and
delayed release causes afterpulses during a period -
of several 100 nanoseconds after a breakdown. = e ¢ aich @8~

Hamamatsu 3x3-50UM LCT5:

afterpulses and dark counts at 7 V OV afterpulses and dark counts at 3 V OV
2 800 T o 160
S 700 |- S 140 —w
[} * [*]
G 600 1y S 120
5 500 1, 5 “
3 * e S 100 o *
et . X I S . & . o’ LR
§400 Py %’&Oaﬁ . o & 'g 80 ."Q"".‘O‘..‘, !“l o o ¢ ’.ﬁ“
© >
s 300 . - . ® 60 .’ o o 02" CSeeen o *
» 200 7}
E S 40
2 100 2
§ 0 ®
0 20 40 60 80 0
fime [ns] 0 20 40 60 80
time [ns]

D. Renker Ljubljana, 9.7.2015
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Excellent time resolution can be achieved when the G-APDs are operated at high
overvoltage.

SIPM 0 T
1200 _
ine . 250 |- ) ; : i
1000+ | Single Photoelectron
[ 200 L SR - :
800'{ | 1 1 . . ; :
® ( & .
S 600- ¢ 11 g 150 |
S H @ r - ]
= s Y 123 ps fwhm 100 oo ': | ]
J - “~5i:;:;3_:::_ e 1
200 f \m - s0 - \ T
0 b, et T ol i \‘\ »
500 1000 1500 2000 0 I 2 3 4 5 6 7
over-voltage (V)
Time (ps)
Time resolution for single photons with A= 400
Includes the contribution of the laser (40 ps) and the nm @ and A=800 nm e as a function of
electronics (60 ps) = 100 ps FWHM for the SiPM from overvoltage. G-APD from FBK-irst

MEPhI/Pulsar
NIMA 504 (2003) 48

A show the contribution of electronic noise
NIMA 581 (2007) 461

D. Renker Ljubljana, 9.7.2015
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The usual interpretation
of the pulse shape:

100 — 1600 cells

gfs‘esr:g': TzRSCD |mox~(VBIAS_VBD)/RQ

GM-APD

7=RoCp

|-
L
Simple equivalent circuit:
AV4 load resistor 50 Ohm load resistor 5 Ohm
_I_ 0.14 0.05
Ro [] s Chiack iz | 004
v o A 0049
—_ 0.1 -
e = TG 2 AN S
<100 fF ~10 pF | §°-°8 L N\ 003 5
£0.06 N £002 T\
oo £o.02 3 \
' ] 0.01 -
R TC ” 0.02 4 — 0.01 s
0 0.00 +—emmb
-2.00E-08 0.00E+00 2.00E-08 4.00E-08 6.00E-08 8.00E-08 1.00E-07 -2.00E-08 0.00E+00 2.00E-08 4.00E-08 6.00E-08 8.00E-08 1.00E-07
time [s] time [s]

D. Renker Ljubljana, 9.7.2015



Pulse width depends on the SiPM chip size

500mBQ

1

Tr4a.0onc A KI5 1098
Tuevs2s000nc

. Sigle p-cell

100mee

! 3mmx3mm

576 p-c::ellsi

Tra.0omcA KIS 314me

112 7.92000nC

A single ph.e. pulse
shape for different
SiPMs

/Vv“‘"' I‘l.l-‘l B\ : ]
L rasgone’ A KT satme
© Duv6.80000nc

All tested devices
had u-cell size of v Lo e
100um x 100um o - 1600 p-cells |

Operated under
gain: 107

B e T s
AL

Tr4.00nc A KI 7 302mE

- 1+v13.9200nc
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der Bundeswehr

Universitdt (3 Minchen SPTR-Comparison of SiPMs with Different Active Area

SPTR (FWHM) vs. Active Area

» All devices had 50 um microcells bl I - I I II T r
: . 1 < SPTR (FWHM; corrected)
» Single-microcell: 114ps 1200 | [ [ I
» Array of 6 x 6 microcells: 115ps o 1
« 1.2x1.2mm? SiPM: 116ps _
@\ 800
« 3.0 x3.0 mm2 SiPM: 270ps nf .
- 600 1
« 6.0 x 6.0 mm?2 SiPM: 1.1ns & ]
400 100+ by 1
0 o= - q 1 i 04
« Significant degradation of time 200 - :
resolution for large area device 0"’ %085 00 05 1o 15 20 25 af
6"é"1lo"1I5"210"215"310"1;5.'40
. . . Area [mm"2]
* What is the reason? Transit Times?
N &m S
ano icro Systems ____
2014 IEEE NSS/MIC/RTSD Seattle, Washington Thomas Ganka \/ 5
8th — 15th November 2014 Universitaet der Bundeswehr, Munich

D. Renker Ljubljana, 9.7.2015
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der Bundeswehr

Universitdt j‘s,} Miinchen

Timing chip level

TUTI

Comparison of Different Read-Out Methods

+ Short and low resistive connection

- . | i | 1 T L2 L T
between microcell and aluminum 2000 I T [| < Puaas0NoTench
< . 1800 4 < T < A PM3350-Trench
grid improves pulse shape and ] [ [ « ] = PM1150-NoTrench
time resolution 1600-: < I I 1 @ PM1150-Trench
_ ' 2 1400 |
* Long path in burried n-doped E 00
layer decreases pulse shape S 000
homogenity 8 00l . :
S 600 i+ &  Trench-
° . Technolpgy
Cathode 400 = R
Anode Contact with — a ' ‘ [ . z z >
Trench.  Contact vertical Trench N N D . _Dgf._/
Technology 2 4 6 8
Overvoltage [V]
Cathode Contact
/égo?:ct%z withcommon  Trench-Technology achieves promising
Standard I“ I GNDlCO"ta“ SPTR results.
= Signal Path
& S
Nano & Micro Systems
2014 IEEE NSS/MIC/RTSD Seattle, Washington Thomas Ganka \_/ 4

8th — 15th November 2014

D. Renker

Universitaet der Bundeswehr, Munich

Ljubljana, 9.7.2015



%1
s

E17

Lehrstuhl flr
Biomediziniache Phvsik

der Bundeswehr

Universitdt jﬁ Miinchen

TUTI

Transit time measurement with modified setup

Timing chip level

Attenuator +
Lens

—
LASER —>H
—

V

-4

SiPM on XY-

Manipulation Stage

SiPM —

Preamp

X

Oscilloscope [~ Computer

Timing Distributions from Different Positions

Pos 1
——Pos 2
~——Pos 3
——Pos 4
Pos 5 |
Pos 6
Pos 7
Pos 8
——Pos 9

2500 —

2000 —

1500

Start ] [ Stop
L] [
Bias-Pad

1000

counts [arb. units]

500

Time [s]

Transit times difference (TTD) significantly increases
time jitter of the device

For this reason a simulation model was developed

2014 IEEE NSS/MIC/RTSD Seattle, Washington

8th — 15th November 2014

Nano & Micro Systems

\_ 6

Ljubljana, 9.7.2015

Thomas Ganka
Universitaet der Bundeswehr, Munich
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der Bundeswehr

Universitdt j‘g,} Miinchen Variation of Signal and Bias Bond-Wire Connection

+ Time difference between first . . ) . oy
and last occurring signal is Simulation of signals from different positions

used to calculate TTD NEEEEREREEEEE
+ Three different contact o
configurations were simulated | —
and measured
= 6
: /48
) 1 -
e ‘Transit Time
‘é Difference
<
2
—Top
—— Middle
04 | —— Diagonal
-_——
0 1 2 3 4 5
Time [ns]
Position of bond-wires has significant
influence on the transit time difference
between occurring signals
Nano & Micro Systems
2014 IEEE NSS/MIC/RTSD Seattle, Washington Thomas Ganka U 11
8th — 15th November 2014 Universitaet der Bundeswehr, Munich

D. Renker Ljubljana, 9.7.2015
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der Bundeswehr

Universitdt @ Miinchen Comparison of Simulation and Measurement
. Megsurement °f TTD between Contact Simulated max. | Measured max.
9 different positions Configuration Transit Time [ps] | Transit Time [ps]
Standard (black) 860 900
* Arrows show the contact Diagonal (red) 250 260
positions -
Middle (green) 270 240

Measurement of TTD with different contact configurations

0.13 0.17 0.19

0.50
-‘— 0.26 0.26 0.22 0.43 0.45 0.43 0.40
0.30

0.20
0.24 0.23 0.21 0.08 0.07 0.10
— - 000
Values in [ns] with £ 50ps tolerance —
Nano & Micro Systems
2014 |IEEE NSS/MIC/RTSD Seattle, Washington Thomas Ganka \/ 12

8th — 15th November 2014 Universitaet der Bundeswehr, Munich . .
D. Renker Ljubljana, 9.7.2015
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Cathode

Fast Output

Ll

~— Photodiode

AAA
vV
AAA et
vV
AAA

v

ANl
vV

—~— Quench Resistor

»l
Lall

AA At
VvV

»l
Ll

L

ANVt
WPt

A
Lall

Vv

LA

Anode

1) ~— Fast Output Capacitor

SensL approach

Fast Output Advantages

150

Voltage (mV)
5
L)

100
75
50
25p
00—

25k

. F 351 3 AP
------ Steecard cutput

50 L 1
5

D. Renker

Voltage (mV)

s

s

Plots show
pulsed outputs
for a 30035
sensorin
response to a
pulsed source

Ljubljana, 9.7.2015
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" JEE
SPTR for SiPM single cell

G.= G /dV(t)dt),_;

1Xx1 mm2 —> 3x3mm?2

148 2ps . 149.9ps

K.Yamamoto
IEEE-NSS 2007

Fig.12 Position dependence of time resolution (3 x 3 mm)

Data include the system jitter
(common offset, not subtracted)

*Another position of threshold (50% signal level) e
+
*smaller amplitude (higher noise contribution)

D. Renker Ljubljana, 9.7.2015
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. . . |
Stand alone SiPM cell (p-n junction ._ i motivation
SPTR of a stand alone SiPM cell

with limiting Si* resistor)
3 I min threshold, focused 2 micron spot, <200fs
scope LeCroy WaveRunner 620Zi 2GHz

: : N
75 - }
e ) | ‘ f
I xnd U=38V scope scale 5 mV/div ! ‘
e FUHM =5T7ps 50 [\ Uy =33.21 ]
2 o - electronics width = 12 ps "
2 i . fra FAHM =56.4p5. j \ geope stale 10 mVidn ope scale 2 mV/tiv |
=1 40 :
e ol a
n I I ot S g b paninnh o
1100 1200 1300 1400 1500 w0 £ 304—A—— Ll I‘\"\i "'-———"_ f
Photo of Geiger discharge in oo s D e e e
100x100um2 SiPM cell - i " |trigger = -1,42 mV trigger = -2 mV trigger = -5 mV :
U=43v e 0
: 10 FWHM = 34 4 ps =
e Tes ] oe electronics width = 12—
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o % ) | ‘
- 0 T ; '
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. upctpn ot : Bias voltage U, V
1100 1200 1300 1400 1500 1600
Time. ps . .
Do we have ability to improve SPTR further?
. 100 um ~
06-10 of October 2014 E.Popova Light2014

10w dia independent of OV !
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" -« Geiger discharge Starting point

SPAD Geiger discharge development SPAD (external or active quenching)
8 —
A.Lacaita, et al."Observation of avalanche propagation by multiplication assisted ; oo G J
diffusion in p-n junction" Appl.Phys.Lett. 57, 489-491 (1990) Kz 8 o |
A.Lacaita, S.Cova et al."Photon-assisted avalanche spreading in reach-through B xf,n“"
photodiodes" Appl. Phys. Lett., 62, 606-608 (1993) g5 A |
A.Lacaita, et al.:"Avalanche transients in shallow p-n junctions biased above el [/ gttt e
breakdown", Appl. Phys. Lett. 67, 2627-2629 (1995) g sl 4 Vi V-Vb=25v
A. Spinelli, A. Lacaita"Physics and Numerical Simulation of Single Photon U’,*
Avalanche Diodes"IEEE Trans. Electron Devices, 44, 1931-1943 (1997) * f{w e LR
R AT SV
. %
Photon absorption 5 Ii a i
o 2 4 ] 8 10
. ; 8 . Time [rs)
longitudinal (vertical) build-up of avalanche D W TN Sl R WD R
process oo sl The ae en e SAD R 1D X T
Transversal (lateral) spreading of SiPM cell (selfquenching)

avalanche

=
v
[ o
[
:

Vertical build-up - latent jitt/e

plitude, m
'S

Rk

Pulse waveform ——
lateral discharge

05 00 05 15 20 25

. 1tliene,ns'
T T S spreading
Multiplication assisted ;
deFRisice: Similar appr_oacn approach
can be applied to SiPM cell
06-10 of October 2014 E.Popova Light2014
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I |
- Timing for focused and unfocused light of different intensity
min threshold, FEMTO-T <200fs
scope LeCroy WaveRunner 620Zi 2GHz
S U4 o
] ?' \ L|, =33 2540 05 (T=+235%1°C)
. ! ‘\ ']/.\\\ U,, =33,2520,05 {T=+23521°C)
o\ Long +T sof e N
@ {; 3 ong #lransv o
=25 — 9 ~ 8 f/\\\\*\»l‘_&_ Transyv
2 e L L, 8ps| = T = L)
= ] M~ Transv = 2. ]
s 20 DA L ,
E Bt o 1£ ——2 pm U=37V
15_‘ ——2pm 1 10_. _’_2}.Lm U:39V
: - & =10 um : : —— 2 um U=41V
10" O-'l""l""""I""I"
0 L4} 10 15 20 25 0 5 10 15 20
Photoelectrons Photoelectrons

*We see difference between focused and unfocused light (number of avalanches), but
2 micron focusing is not small enough

*For 41V longitudinal component is 8ps (transversal is 19.6, scope - 12 ps)
*Transversal spreading has small dependence from overvoltage)

*With lower threshold timing may improve further

E.Popova MEPhI FAST 15th April 2015

TUTI
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'_-_ MEPH| tests

Single Photon Time Resolution of SiPM cell 100x100um2
FEMTO-T Laser+microscope systemt_ . <200 fs, 2=876 HMm.

pulse
. U=41V (23%0V) no preamp
120 U=t ] m&udw1 =25mV
Threshdd=2mV FWHM=597ps
AMM=2ps 604  Scope resciution =12ps
. o 0 remss, EEESESEne
SR ]
[ 20 '10; 5 .9." ]
> 1 { .
WAL R 0 S VY’ S e '20: 2 b . ]
0 10 200 30 400 7) 600 0 10 20\ 30 40 50 o 30 [ ' ]
R TEEs |—— U=41V] ;
S -404 nass :
*25mV £
%04 < -501 s
2 -60- ¥ _
§40_ -05 00 05 10 15 20 25 30
C . time, ns
172mV
20 T T L T ¥ T T T ¥
00 01 02 03 04 05
relative threshold level

Digital scope LeCroy
WaveRunner 620Zi 2GHz

E.Popova MEPhI FAST 15th April 2015
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"

Average response delay

™ SPICE model for lateral

W5N14 100A 1 discharge development
U,, = 33,25:0,05 (T=+23,5:1°C)

250 ]

oW T
Q) W \Z‘*&r«;&*ﬁfew' -
R
—a— 2 um U=35V
1 35V —e—2um U=37V l 35V
2 200 == 2 um U=39V experimental
- =2 um U=41V
g ] T 10 um U=35V g waveforms
@ 150 =0 10 um U=37V . .
g 150 : s i ey Simulation 1 phe
e 1 =¥ 10pm U=41v Simulation 2 phe
" 00l L ' —— 200 ym U=35V : :
] o —+= 200 um U=41V O 'Slmlulatllon 3 phe
: S I ! 1V - 1.0ns e 2.0ns 3.0ns
50 ] ol ol e A 8 S S S —
0 ] r ¥ L A} A} J J T Ll A} T T Al r Al L A} A} T A} J A} A}
0 20 40 60 80 100

Mean N ne

Inside group — vertical build-up the same, lateral development - different
Focused light (2 um)— 35 and 37V — different curves, 39 and 41 almost equal.
E.Po%?pl\%:e e with vertical build-yp .y .., April 2015
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What can we do?

 QOperate at high overvoltage with the consequence of high dark count rates, crosstalk,
afterpulses.

* Set the threshold as low as possible. Needs a low noise amplifier.

e Sacrifice PDE:
Timing nonuniformity improving

metal ring Decreasing
of PDE

m

U =) J—Dp¥anode 17 U U

deep n-tub

p-substrate

FIG. 1. Schematic of the APD cross section. The p-mb implantation acts as
a guard ring. preventing premature edge breakdown.

Rochas et al.
Rev. Sci. Instrum., Vol. 74, No. 7, July 2003

D. Renker Ljubljana, 9.7.2015
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PHILIPS

Timing: PHILIPS SiPM

Digital SiPM — The Concept

Analog Silicon Photomultiplier Detector

Vbias

in

Readout ASIC

Discriminator HTDC > Time
Shaper H | HADCl-# Energy

SiPM

Digital Silicon Photomultiplier Detector

vbias VDIES
Cell ... Cell
Electronics| Electronics|

1 Recharge ]

Detector + Readout
ASIC

Trigger .
| Network [] TS [T Time

Photon
> Counter [P Energy

D. Renker

Time Resolution

z

-
n
o

Toos(N) = 27.8 + 354.9/N

g

Time Resolution (FWHM) [ps]
8

2

e o e Lo a Lo g Lo Lo e o Lo

0 10 20 30 40 50 60
Number of Photons N

* Sensor triggered by attenuated laser pulses at first photon level
* Laser pulse width: 36ps FWHM, A = 410nm
+ Contribution to time resolution (FWHM):

SPAD: 54ps, trigger network: 110ps, TDC: 20ps

* Trigger network skew currently limits the timing resolution
* Manual fine-tuning of the trigger network will reduce the skew

Ljubljana, 9.7.2015
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Readout

Control and
Configuration Registers
y

10 Interface

A

FPGA

2

Fig. 1. Detector module break down. A) Scintillation crystal array.
B) 22 x 22 SPAD array implemented in Dalsa 0.8 um HV CMOS. C)
Quenching circuit layer, Global Foundries 130 nm CMOS. D) DAQ,

T
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
1
'
'
|
[
[
I
0
'

Global Foundries 130 nm CMOS. E) PCB. System
_________________________________ Counter
< »
140 : - : , . - Analog and 200 MHz Synchronous Digital
e—e Simulated Asynclwonous
120+ —l d 1 Digital Circuits
" casure Fig. 2. Architecture dataflow. The SPAD array, quenching circuit
= 100 array and readout sections are layers C, D and E in figure 1,
3 8of FWHM 6 ps rms FWHM 18 ps rms respectively. Dotted line represents channel physical separation.
O
- 60
©
a 401
20

OO0 w0 M.-A. Tetrault et al., arXiv: 1406.3858

Fig. 11. Trigger tree skew histogram for the 484 possible paths
between a SPAD input pulse and the TDC. Dotted line shows
simulated FIWHM, transparent grey box shows measured FIWVHM.

D. Renker Ljubljana, 9.7.2015
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CTR [ps]

320

280
260
240
220

180
160
140
120

280 T T T T T T T
MC error (no parameter uncertainties)
260 | simulated CTR prediction
measurad with 20mm length +--e-—
240 | measured with 10mm length »-o-— |
measured with 3mm length »--e--
8 2201 5 3y pias overvoltage) 2x2x20mm°
E L -
Z 200, s 3 4 L ¢ ) 3
=2 ¢
o 180 - 3
o _2x2x10mm” 5 by
o 160 S :
140 | s 4
- - 2x2x3mm
120-\%|, ]iéiigt ® 2 ® {
100 1
0 100 200 300 400 500 600 700 800

Threshold [mV]

Fig. 5. Comparison of CTR simulations with measurements as a function of the NINO
threshold voltage for aystals with dimensions of 2 x 2 x 3 mm?®, 2 x 2 x 10 mm?® and

2x2 x20 mm® (8]

340 -
1 ANALOG 320 - DIGITAL &\s-”“
4 2x2x20mm® crystal 300 {4 2x2x20mm’ crystal “
J ] " Single i-th time

280 «°  stamp (D) spread
1 - 260 '

o
. . S 240 4 P )
| Analog MC simulation E_I 220 A = Simple avetaae‘_,.—'
. O 200 4 4 -
’.-“ e -t
1 180 o Ko Le==""" Maximum likelihood
1 160 1 “wgep== time estimation
— = — — —_— —_
1 Analog readout equals digital readout for 20mm length.
T T T T — — — 120 + T T T T T T — T

0 1 2 3 4 5 6 7 8 9 10 0 5 10 15 20 25 30 35 40 45 50

threshold in single cell amplitude

i-th photoelectron / K photoelectrons

Timing (S. Gundacker et al., NIMA 787(2015)6-11)

Fig. 7. Analog and MD-SiPM simulations for a crystal with dimensions of 2 x 2 x 20 mny’. In the simulations we set to zero the dark count rate and the aosstalk of the SiPM
as well as the electronic noise. The simulation error is in the range of 5%, not including parameter uncertainties.

D. Renker

Ljubljana, 9.7.2015
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Dark Current [pLA]

New Hamamatsu MPPCs (bias non-corrected, R, =3 kOhm)

Radiation hardness

LED vs. Flux (R =3 kOhm, no bias correction, non-annealed)

100 P o 12
* 50 mkm oo * " 8
425 mkm ot . °
o 1 ——ee o L1
20 mkm Tt e R ML Y 0E
] A
115 mkm ° AA R l. g ¢ . X:;.l -
7' ‘0 L ] _N 08 . yx a3
° N © x Ll |
A . a" £ *
10 yy S - n ‘6 06 . Xy
. u £ o NDL SiPM, 0.25 mm”"2, 2500 cells ¢ d
s n § 0.4 || *MPPC.1mmh2, 4489 cells ‘e,
L] = u MPPC, 1 mm”2, 2500 cells .
* [ ] b= x MPPC, 1 mm”2, 1600 cells ¢
E 0 2 — * v
c U + MPPC, 1 mm”2, 400 cells
u o
w
1 .| 0
1E+10 1E+11 1E+12 1E+13 1E+10 1E+11 1E+12 1E+13
2
Neutron flux [n/cm?] Neutron flux [n/cm?]
Y. Musienko (louri.Musienko@cern.ch)
2nd CHIPP Workshop on Detector R&D, 12 September 2013
D. Renker Ljubljana, 9.7.2015
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0Co irradiation:
R. Pagano et al. / Nuclear Instruments and Methods in Physics Research A 767 (2014) 347-352

SiPM #1 (0 Gy)

-60 SiPM #2 (10 GY) -
- = | | (10 GY)
" :
S aff W Yrr r mer“'mrrWr‘
S 40+ | [ ]
g wof | | SiPM #3 (136 Gy) -
3 -8
(&) 0 p——
2 [T ﬁ r‘m
ﬁmﬂﬁ (
-60
-80
0 F—F——= [} ppep——— g P QU —— S p————— o Sppp——— [ pp—— j Sp——— | p——
20
-40 i ‘ "
60 | | |
qer SiPM #5 (9.4 kGy)
-120 1 | ! 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time (u s)

Fig. 2. Dark current traces at RT (21° + 3 °C) for a AV=3 V for the SiPM before and after irradiation at different doses.

D. Renker Ljubljana, 9.7.2015
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Through Silicon Via (TSV) Technology i

3x3 mm 50mmP

\

Non-sensitive area
for TSV

Solder Bump -Vl

Substrate

« The TSV process requires small non-sensitive area (200 um sq.).

« This area is corresponding to 0.44% of total active area, and it is
hardly affected to the PDE (photon detection efficiency).

Copyright © Hamamatsu Photonics K.K. All Rights Reserved

D. Renker Ljubljana, 9.7.2015
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Large Area MPPC Array

3-side buttable 4-side buttable Through Silicon Via (TSV)

3mm2-4x4ch. 3x3mm?2-8x8ch.

monolithic array discrete array
16ch. Vop _* 16¢ch. Viop
e variation : variation

e
&

relative fuqungv
°

relatine fre queny
2

~04V ~01V

0 01 02 03 0.4 0.5 05

02 03 as 05 0% = =
18¢h. Vop variation [V] 16ch. Vop variation [V] w,mout resin rype

Copyright © Hamamatsu Photonics K.K. All Rights Reserved

D. Renker Ljubljana, 9.7.2015
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Lo O e Py resistors from MPI-HLL

geometric factor ~75 % - no resistor on the surface — PDE ~ 60 %
free entrance window for light, no metal necessary within the array
allows engineering of the entrance window

improved radiation hardness — no lateral high field regions on the surface

Photon

|

common

high field region cathode

anodes

- depleted

/non depleted \ : : - \
, . isolation £ \
|/ resistor / non depleted \\

D. Renker

Industry: TraciT Grenoble, ICEMOS ... “

Ljubljana, 9.7.2015
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Edge electrical ) A A
field region High field region Si02

, bulk ;depletion,

Y !resistor + region ) ¢  P-Epilayer
NS ‘~ " . (2328 olmeem)

Electrode

b
Y bulk
\ R ' ”
J resistori s
\
\

Back electrode

Structure of the SiPM with bulk integrated
resistors (Area: 0.5x0.5 mm?2, 10 000 cells/mm?)

Nuclear Instruments and Methods in Physics Research A 621 (2010) 116-120

D. Renker Ljubljana, 9.7.2015
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SiPMs have been rapidly improved in the 15 years after their
invention. There is still room for further improvements but |
assume the development speed will slow down.

Hamamatsu considers their LCT5 type as sort of ,final product’.

What we can expect is the implementation of technological
progress like through silicon vias.

Very important seems to me that we gain a better
understanding of the devices which will allow us a better design
of detectors employing SiPMs and of the readout electronics.

D. Renker Ljubljana, 9.7.2015
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Since 1989 many G-APD structures were developed by different developers:
CPTA (Moscow)
Zecotek (Singapore)
MEPhHI/Pulsar (Moscow)
Excelitas (Montreal, Canada)
Amplification Technologies (Orlando, USA)
Hamamatsu Photonics (Hamamatsu, Japan)
SensL (Cork, Ireland)
RMD (Boston, USA)
MPI Semiconductor Laboratory (Munich, Germany)
KETEK (Munich, Germany)
FBK-irst (Trento, Italy)
STMicroelectronics (Italy)

Every producer uses its own name for this type of device: MRS APD, MAPD, SiPM, SSPM, SPM,
DAPD, PPD, G-APD

D. Renker Ljubljana, 9.7.2015



