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Photo-detector family tree

Gas
External photoemission

Solid state
Internal photoemission

- Photo-Diode, PIN, SDD
- APD, GM-APD, SipM <~
- Integrating (CMOS CCD)

- Quantum well detectors
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- Carbon nanotubes, ...
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Photo-detection: vacuum vs solid state

| ' Detector window

1. Photo-electric conversion with  “externa

. . > e Photo-Cathod
or without emission in vacuum photo-emission * Y
Emission in vacuum implies vacum, e- :
‘—» low detection efficiency ‘internal” photo-emission ¢ 55)%‘
: 1\
‘ - low dark count rate s sercs s
SR oSogeseetedstesesesesosece] sSesotelele
... source of differences between i e N T sl
vacuum and solid state devices e
including multiplication mechanisms... | \

2. Internal charge multiplication mechanism (if any)

Charge multiplication within the device implies
‘ — better Signal/Noise ratio (wrt external amplification)
‘ - intrinsic fluctuations in amplitude and timing - intrinsic Noise
(depending on the multiplication mechanism)



Light detection with semiconductors in 3 steps

-~ Photons convert and generate e/h pairs

Conduction
band

ccto0 &I\

- The two charge sheets on the n-doped ¢ %0
and p-doped sides produce an electric field Valence N Band gap
— separate charges (electrons / holes) o
produced by (photo-)ionization Photon Ogion. nype
in the depleted region O =+

(even without an external E field) OOO 0O +

o O O
0O O O O =+
o O O +

Charges surviving recombination O fﬁ' 00 =+
are swept to terminals Electic feld

- can be detected as an induced current Picture from Krizan, Ann Rev Nucl Phys 2013

Electron

Note: Shockley-Ramo theorem
- e- and h+ give “same sign” contribution to induced current
(but integral of current induced on electrodes is Q and not 2Q)



Solid State Photo-Detectors

IL.PN or PIN L APD LGM-APD
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p-n junction, p-n junction, p-n junction,
reversed V. — 0-3 V reversed V.. < Vpp reversed Vs > Vpp
i
* n contact 1
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P contact -
Time ] Time Time
Gain = 1 Gain = M (~ 50-500) Gain — infinite

- linear mode operation- -Geiger-mode operation-



Devices with internal gain

Current (A)

e Bias BELOW V,, (Vapp < V <V,,)

Reverse biased junction:
internal gain via impact
ionization in high E field

e Linear Mode/ device

e Multiplication < 103 (lim. by fluctuations) hve,

. |

(1ph.e. at low T with slow electronics...) ”‘Oh—>
10° . . 5
10* ' o opt | ol
10° —— -
rhotoclu_r.r_{-:-_flt__i_ s letion region

electric field
in the reversed

bias diode

\ 4

GM-APD: Geiger Mode

V,,, — full depletion _ e Bias ABOVE V,, (a few V)

e BINARY device

o 5 10
Reverse voltage (V)

15 20 25 30

35 40 45 e Gain: [10° (lim. by C)

e Single ph.e. resolution

/ e Limited by dark count rate
Building Block of SiPM

e Need Quenching/Reset



GM-APD - Single Photon Avalanche Diodes (SPAD)

Various types of cell implementation
planar
reach through

n+ metal n+ | T<10y

rl

— — / > | p* [ | 15
T [ E—— 30

R J p H : Fal
0} R.H. Haitz 1.R. Mclntire
guBC Fing) J. Appl. Phys., |EEE Trans. Elec. Dev.
;—I:...’
Vol. 36, No. 10 (1965) 3123 - ED-13 (1966) 164

" metal hv
Standard output signal

- i = Q=10°-10%
TR Need Quenching and Recharge =
‘= | - various implementations e ‘/N
s — Passive quenching: large resistance E
= : N i : : S |II Q |l Q l'{:l
= — Active quenching: analog circuits | | |'
5. Cova & al., App. Opt. 35 (1996) 1956-1976 |' |' |' .
ZX Time (a.u.)
e Need Arrays for
- Wide area Binary device
m_— - Multi-photon detection * If one or more simultaneous photons fire the GM-APD,
~Vias the output is anytime a standard signal: Q~C(V,..- Vgp)

* GM-APD does not give information on the light intensity



SPAD Arrays with electronics “inTegraTed"

G.Collazuol - SNRI 2016
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s .. Electronics for
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e also: e Jackson et al ® Staples et al (EPFL Lousanne group)



Large area, high efficient devices...

Transition SPAD sparse arrays - thousands of packed GM-APD
(SPAD) cells is not just design... need addressing new issues:

e an additional factor affects the photo-detection efficiency:
the fill factor that for small cell size can be quite low

e how to control (over large areas) the dark rate because of
- limited space for gettering techniques
- high probability to include noisy cells in a device

e production yield and uniformity affect performances
e optical cross-talk among packed cells

e electronics (external, hybrid, integrated, #readout channels)



"Analog” SiPM: array of passively decoupled GM-APD

Single GM-APD gives no information on light intensity - use array of GM-APDs'
first proposed in the late '80-ies by Golovin and Sadygov

Rguench A SiPM is segmented in tiny GM-APD
o cells and connected in parallel trough a
—» decoupling resistor, which is also used
——» for quenching avalanches in the cells

Al electrode

Each element is independent and
gives the same signal when fired
by a photon

2-4p
300& 4

\ Si0,+5i;N
p-epi layer 2T
n*/p junctions

> of binary signals —» analog signal

Indmidual surface resistors Q = Q1 + Qz = 2*Q1 i
metal gri
Metal (Al) grid h - etal grid

—0_ [ E— -

= substrate

Output O number incident photons

S1IPM Pixels of the SiPM

[—> Linear response to multi-photon pulse]




The Silicon PM: array of GM-APD

Single GM-APD gives no information on light intensity - use array of GM-APDs'
first proposed in the late '80-ies by Golovin and Sadygov

Re B Mt botly Th Coke Ones e M Ums W A SiPM is segmented in tiny GM-APD
e cells and connected in parallel trough a

decoupling resistor, which is also used

for quenching avalanches in the cells

Each element is independent and
gives the same signal when fired
by a photon

> of binary signals —» analog signal

Q=Q1+Q2=2*\Q1

14

Output O number incident photons

metal

— —_— e

substrate




A bit of history

Pioneering work since late 80-ies
at Russian institutes

Investigations of various multi-layer silicon
structures with local micro-plasma suppression
effect to develop low-cost GM-APD arrays

Early devices ageing quickly, unstable, noisy

Dolgoshein - MePhi/Pulsar (Moscow)
Poly-silicon resistor (SiPM)

Sadygov - JINR/Micron (Dubna)
Avalanche Micro-channel/pixel

Photo Diodes (AMPD)

Al contact

Avalanche IOz

region
M

_|1.

g s

_ ‘al# HJ

 —

n-5i wafer

A

%
p-Si epi, Iay;' of Deep micro-well for
d~3-5p charge collection
. Der'lsit)r--'h[:l4 M2
e High PDE

e Very high density of micro-cells
eg Sadygov, NIMA 567 (2006)

Golovin - Obninsk/CPTA (Moscow)

51 Resistor

Al - conductor

e Low fill-factor
e Simple fabrication technology

e.g., Dolgoshein, NIMA 563 (2006)

Metal-Resistive—Sen;\_l;ncﬂpnductor (MRS)

metal electrode

B~
~"""-‘-'-."/' A T semitransparent }

e High fill factor

: . . : .g., Golovi
e Good pixel to pixel uniformity &7 S

NIMA 539 (2005)



SiPM inexorable development

Many institutes (R&D) and companies involved
— competition... and silicon price low...
— asymptotically SiPM O(10€/cm?)

s LU ARV
e CPTA, Moscow, Russia EEEeE
e MePhi/Pulsar Enterprise, Moscow, Russia
e Zecotek, Vancouver, Canada
e Hamamatsu HPK, Hamamatsu, Japan
e FBK-AdvanSiD, Trento, Italy
e ST Microelectronics, Catania, Italy
o Amplification Technologies Orlando, USA
e SensL, Cork, Ireland
e MPI-HLL, Munich, Germany
e RMD, Boston, USA
J Ph|I|ps Aachen, Germany
e Excelitas tech. (formerly Perkin- Elmer)
e KETEK, Munich, Germany
o Natlonal Nano Fab Center, Korea
Novel Device Laboratory (NDL), Bejing, China

Amplification [EEESIISRIRERY

Technologies RMD
(DAPD) CMOS

SiPM

..............




Few samples among many

ZECOTEK MAPD-3N

HAMAMATSU $10985 KETEK PM3350
“MPPC"

FBK-AdvanSiD STMicroelectronics

e

7

A Dark Count Rat .
Producer Reference {mr:;} PDE max @ 25°C* ﬁ:ﬂ {;uzn?{:a*e Gain *
ZECOTEK MAPD-3N 3x3 30% @ 480 nm 9,10°—9.106 10°
FBK - AdvanSiD | ASD-SiPM4S | 4x4 30% @ 480 nm 5.5 107 -9.5 10’ 4.8 10°

50% @ 440 nm (includes 6.106— 10.105

HAMAMATSU S10985-50C bxb 75 10P
afterpulses & crosstalk)
5 2 106
KETEK PM3350 3x3 40% @ 420 nm 4,10
K 16% @ 420 nm 6 6
STMicrolectronics | SPM35AN 3,5 ; 7510 3.210
* dotasheet data

Ongoing R&D to increase the active area at KETEK, AdvanSiD, Excelitas (6 x 6 mm?)
Other solution to get larger area : connection of several channels of a matrix



Discrete arrays

Producer

SIPM area Nr.

(mm?) (mm2/channel) channels

Total area

Device ID Picture

Hamamatsu 18x16.2

S50x50 um
Hamamatsu 3x3 64(8x8) ch
AT AT 72%64.8 3x3 256{16x16)ch
EBK ASD-SiPMds-P-Ax4T- 82x8.2 4x4 16(4x4) ch 50x50 pum
; 50 69x63 um
AdvanSiD ASD-SiPMds-P-4x4T-
69
FBK SiPMtile 32.7x32.7 4x4 64{8x8) ch
AdvansiD
Consl ArraySM-4P9 46.3x47.8 33 144(12x12)ch  35x35 um
ArraySB-4P3 (blue (basedon
sensitive) monaolithic
Array SM4)




Monolithic Arrays

Producer Device ID Picture Effective area SiPM Nr.channels pcell size

[ mm 2} area/channel
(mm?)

Hamamatsu 510984-025P
R
510924-050P I S0xS0 pm
510924-100P 100x 100 wm
Hamamatsu 510985-025C Ex6 3x3 4{2x2)ch 25x25 um
510935-050C S0x50 um
5109285-100C 100x 100 um
Hamamatsu 511828-3344M I 12x12 3x3 16(4xd)ch S0x50 pm
FEK ASD-S5IPM1.55-P- 116x116 1.45x1.45 64(8x8)ch S50x50 um
Advan5iD 8X8A ‘
FEK ASD-SIPM35-P- 118x118 2.95y2.95 16(4xd)ch SOxS0 pm
AdvanSiD AX4A '
ArraySM-4 12x12 3x3 16(4x4) ch 35%35 um
Array 5B-4 (blue
sensitive) ! .



"Digital SiPM": packed CMOS SPAD array
with electronics integrated

e Kindt et al e R.Fontaine, J.F.Pratte et al
... earliest studies e Staples, S h
Johnson et al Readout
e Jackson et al [ Quenching ] [Cﬂﬂﬁmviﬁgmm]
e Filkenstein et al s i

e Stoppa, Pancherietal — *® SPADnet
consortium

E T T ' Swystem
s . Y o= : Counter
— L Charbon, Niclass et al P {: >
: FEaiee Amnalog and 200 MHz Synchronous Digital

(EPFL Lousanne group)

e T.Frack et al
bbb

N YU EL o

o . £ . (RERYLEEY s | + | l l i : -.:1‘;:..; L £ aFF '. '. 3 2 "—:f g
1O INTERFACES VED & VOP BUS I/O INTERFACES

Philips |
CMOS

- &EabouT
1l'. IRCUITRIES

-
_.
=
=
(=1

32-10-1 MULTIPLEXER

m-ﬂi.,q;,- Niclass,PhD Thesis EPFL (2008)

A5 ‘0] Addng damod




Competition: Analog vs Digital SiPM

Analog Silicon Photomultiplier Detector

Vbias

Readout ASIC
m m m Discriminator

- TDC

—ADC

S N ==

—» Time

—» Energy

SiPM

T.Frach - Heraeus Seminar 2013

Digital Silicon Photomultiplier Detector

hias hias

Detector + Readout

Cell Cell ASIC
Electronics Electronics
1 Recharge' ] L e
: Trigger | | .
| Network [{  TPC > Time
| Photen |_|
» counter [~ Energy

- for each light pulse - output is:

d-SiPM:

time-stamp and number of photons
- control of individual cells

- O(500ns) RO dead time (upon trigger)

Analog SiPM

Number of phatons
Bl B

O oW o

www_hamamatsu.com

» Cells connected to common readout
= Analog sum of charge pulses
* Analog output signal

Digital SiPM

ITDC and
photon counter |

< |l

Digital output of
* Number of photons
* Time-stamp

» Each diode is a digital switch
= Digital sum of detected photons
* Digital data output




Physics & Technology
Key features

- Closeup of a cell = Custom vs CMOS
- Guard Ring and Optical isolation

- Operation principles of GM-APD and quenching modes



Silicon technologies

Two different approaches for SPAD or GM-APD arrays

Custom technology

e control/tune shape of E field
- high PDE
-~ optimized timing resolution
— low Dark Count Rate (DCR)
— low After-Pulsing (AP)

e possible both Planar and Reach Through
— tune spectral sensitivity

e [imited integration electronics
(no libraries for complex functionalities
and for deep-submicron features)
— simple integrated electronics
(few large MQOS)
— it limits array dimensions and fill factor

Ancillary electronics (quenching/readout):
- completely external - SiPM

— hybrid - SPAD arrays... complex fabrication

CMOS HV technology

e no optimization of shape of E field
+ high curvature sub-micron tech.
— special care for guard ring (GR)

(limited range of GR possible
only STI demonstrated ok)

e only Planar structures
— better UV/Blue sensitivity

e fully supported sub-micron technology
with models and libraries ~complex electr.
— processing of large amount of data
—~ high density - imaging
— ultra-fast timing

Ultrafast and/or imaging
monolithic SPAD arrays



Silicon technology - few examples

CMOS HV technology

integrated electronics

Custom technology

SiPM “"RGB” FBK - external electronics

quenching resistor metal line

oxide (polySi) oxide
| p implant p implant

p epi layer
p** substrate

—

substrate contact

N.Serra et al JINST 8 (2013) P03019 Stapels et al Procs. SPIE 7720 2009

Custom CMOS technology
SPAD array - hybrid electronics

substrate top contact poly-5i gate oxide

isolation

INVERTER
nMOS

b e e e e e e — — — — — — — — — — — — e

Cammi et al Rev Sci Instr 83 (2012) 033104

n+ substrate




Close up of a cell - custom process

Shallow-Junction APD Optical window - Anti-Reflective Coating (ARC)
note: light absorption in Si, SiO,

Example of implementation
C.Piemonte NIM A 568 (2006) 224 Optically

dead region
(20°I/o—80%)

Optical
isolation
(cross-talk)

Shallow n* layer i '
O(100 nm)

Abrupt junction
1

Trench 1 (filled)

(fully) depleted region
O(um)

n epitaxial \

Substrate
low resistivity contact
O(500 pm)

Active volume Critical region

multiplication e N0 micro-plasma's e Leakage current
. £ ond eventual high quality epitaxial e Surface charges
o total leakage § breakdown | e doping / E field profile e Guard Ring for
9 § at egde engineering - preventing early
V edge-breakdown
y - isolating cells
TSIt R - - tuning E field shape
unmultiplied multiplied bul_k - impact on Fill Factor
lea kage I~ Vbias N(Vbias B Vbias)2



Key elements for CMOS SiPMs

CIOSZ up Of a CMOS Ce” e APD cell isolation from CMOS circuitry

e guard ring

APD integration into CMOS
Example of implementation T.Frach in US patent 2010/0127314

Note e extended CMOS processes exploited

e careful design of cell isolation and guard ring APD cell isolated

_y by multiple wells
from CMQOS circuitry

shallow isolation optical window

(STI/LOCOS) anode (p*) -’
contact [~ -~
with
buried | Example of
layer | NMOS FET
| of the RO
electronics
epitaxial p
p** substrate
_ . buried isolation layer substrate
deep isolation trench (also protection from substrate (gettering sites)

(oxide/polysilicon filling) radiation induced carriers)



CMOS vs Custom processes

“Standard” CMOS processes _ ’
e shallow implant depths high E field _, tunneling }

e high doping concentrations = (I0W Vy,) " I(Zt;:(éigc/ﬁ:s S)
e shallow trench isolation (STI) —— P

<. .
e deep well implants (flash extension) /’ high DCR

e no extra gettering and high T annealing limi
e non optimized optical stacks > imited PDE

e design rule restrictions( (often p-on-n)

> limited timing performances
(long diffusion tails)

Recent progresses in CMOS APDs due to:
1) high voltage (flash) extension often available in standard processes
o deep wells (needed for the high voltages used in flash memories)

2) Additional processes (custom) available:
e buried implants
e deep trench isolation
e optical stack optimization Key elements for CMOS SiPMs
e APD cell isolation from CMOS circuitry
e guard ring



Physics & Technology
Key features

- Closeup of a cell = Custom vs CMQOS
- Guard Ring and Optical isolation

- Operation principles of GM-APD and quenching modes



The Guard Ring

Guard Ring is needed to:

e avoid premature edge breakdown (due to junction's high curvature)
— either reduce electric field at edge (floating GR)
-~ or by terminating electric field lines “within” the high field region
— or by exploiting special edge geometry (trenches)

e drain leakage currents (for avoiding its multiplication)

e electrical isolation of cell from electronics

e optical isolation of cell against cross-talk

Via Oxide

Elecine Feld
B o.2E-05

| TA4E+05

- 1.8E+05)
0.0 E-+ 00

Fig. 1. ISE-TCAD simulation of electric field distribution across a pn junction formed by consecutive implantation and
diffusion steps. A uniform field exists in the planar junction region but the field 1s sigmificantly higher in the curved
regions. resulting in premature breakdown and in a higher avalanche probability in these areas. Field strengths are in

Vicm and coordinates axe InmNSI™S Finkelstein et al. “An ultrafast Geiger-mode SPAD
in 180nm CMS technology” Procs. SPIE 6372 2006



The Guard Ring structure

(@) K

Ouge  CONTET

e high E field
structure, not
uniform

e well tuned high

E field structure

e no additional

e neutral region neutral regions

(timing tails)
imited o fill factor
o limi .
less lim
fill factor

e alternative to

¢ less commonly
Diffused GR

exploited

e difficult to
implement

e careful modeling
required

) "t

L) eveloped by Oxide ConTaeT cafoge ANDQE

.Cova and coll.
(fully custom)

e physically blocks
and confines the
high E field in
active region

e state of the art

SPAD timing “double epitaxy structure
and PDE

ed enhanced)

e might cause

Timing optimized GR Shallow Trench Isol. STI GR high DCR due to
- tunneling
- etching i
efects/traps

=



Guard Ring structures in SiPM

Sul et al, IEEE EDL 31 2010 "G.R. Structures for SiPM”

1E=-8

(@) T
C O axine 5.5V ol |
g, . = < - v =]]
T 3 Cathode = El E &7 R :
rss C Anode : | E [pg) o= Lo oEEaTan
=0 = N Well (2E+20 atoms/cm?) = $700m e .l High Field §g
3 = 3 : i
A = ; acil' ) P Well 2E+17 atomsicm’) /¥ 900nm g = Region shiffed
0 o T Microcell Width = 30 um Fix 3 _ -
) £ 4E-19 -
L 0 Virtual Type Guard-Ring = B L
> E — . e e e e e e e, ———- —_—
SiPM Width = 38.8 ~ 43.9 um = I ] . o . .
0 25 30 35 A0 a5 ik 55 B 65 Tim
n Rewvarse Ancds WVoltage (W)
0 1E-6
Na)
) T
-lr—UJ E 1E-T
O g Maresca et al. Proc. of SPIE Vol. 8072
> g “Floating field ring ...
% E il to enhance fill factor of SiPM”
a = : A
E 1E-10 T T T T T T T T ¥ n+ : I
| 2 (1Y Fi] I
1E-§ - p 1
_ - “n
8_ | %‘ 1E-7 T n+ | l l
¥y 3 P
—_—= 2 1E-34
'S Micro % _P nt - s, i
5 Trench Type Guarc 5 g0 nt_n N S
- k e 1T I emmmmnms
— SiP p+ i \
1E-10 T - v - - - . . . I S - Depletion
M 25 30 35 40 45 S0 55 80 685 0 TO P :!::::aw

Reverse Anode Voltage (W)
(1




Physics & Technology
Key features

- Closeup of a cell = Custom vs CMQOS
- Guard Ring and Optical isolation

- Operation principles of GM-APD and quenching modes



Operation principle of a GM-APD

Avalanche processes in semiconductors S SO !
are studied in detail since the '60 for ?

1
modeling micro-plasma instabilities  Toi- % ______________
MciIntyre JAP 32 (1961), Haitz JAP 35 (1964) WM M

and Ruegg IEEE TED 14 (1967) 5‘ _ .é E
§quencmng v
currents / external { tme 1
By
‘a 8¢
| W Va } t :
R f | :
1T q 4= v
C V.. B 1™
8 Vbd)i al _-L  bias Vi e
= I
R, §
F16. 3. Shape of current pulse for 6,<r: (7o)

: avalanche triggered, switch closed C, discharges
to V., with a time constant R,C,= 1., at the same time the
external current asymptotic grows to (V,_.-V,4)/(R,+R})

P,, = turn-off probability P,, = turn-on probability
probability that the number of probability that a carrier
carriers traversing the traversing the high-field
high-field region region triggers the

fluctuates to O ‘ avalanche

OFF condition: avalanche quenched, switch open,
capacitance charged until no current flowing
from V,, to Vg,s with time constant R C, = 1

recovery



Operation principle of a GM-APD

Avalanche processes in semiconductors .
are studied in detail since the '60 for ? 1
modeling micro-plasma instabilities . Iu-*%
Mclntyre JAP 32 (1961), Haitz JAP 35 (1964) g |
and Ruegg IEEE TED 14 (1967) < p
quenching

| & APD . GM-APD

s Vﬂ \ ¥16. 3. Shape of current pulse for €, r: (7o)

: avalanche triggered, switch closed C, discharges
to V,4 with a time constant R,C,= 1,.,., atthe same time the

external current asymptotic grows to (V,..-V,4)/(R,+R,)
P,, = turn-off probability P,, = turn-on probability
probability that the number of probability that a carrier
carriers traversing the traversing the high-field
high-field region region triggers the

fluctuates to O - avalanche

OFF condition: avalanche quenched, switch open,
capacitance charged until no current flowing
from V,, to Vg,s With time constant R, C = 1

recovery



Operation model and ideal pulse shape

Diode (capacitor) currents / external
and slow recharge

/W
charge stored defines Gain I R,
- Gain ~ C AV Vbd)i CGI__ __Q/bias

DIODE

AV =V__-V_, "Over-Voltage”

Fall time (recovery)

| < T,= Rqu

Gain - linear with AV (2 APD)
-~ no intrinsic fluctuations !!! (# APD)
— independent of T at fixed AV (# APD)

Rise time T dependence (weak) due to R,

Recovery time T dependence (strong) due to R,
C, is independent of T



VS T

quench recovery

Passive Quenching: tread-off 1

fast quenching If R9|§ high enough the internal current is so low that
b o< > statistical fluctuations may quench the avalanche

proper quenching Haitz JAP 35 (1964)

RQ ~ hundreds kQ
t [uc"] /»r I 1 1 1 T

o -
10

quenching time too long

;,(andfluctuating)  had quenching 108

/ I
RQ too small\t\lm
t Pio
> 102

latch

i+ no quenching \
I R D S B
R, by far too small © 20 40 €0 [uA]
[ =
t

) 153G. 2. Turnoff probability per second as function of pulse cu




Passive Quenching Regime

Proper value of quenching resistance Rq is crucial to let the internal current
decrease to a level such that statistical fluctuations may quench the avalanche
— sub-ns quenching time - crucial to have well defined gain

; quenching time

Given Rq the proper quenching regime
is for AV in the range:

latch

proper quenching

pUISe 0 < AV < Rq]latch

where as a rule of thumb

@ t I ~20pA - AV__ ~ a few Volts (typically)
[ e e e s S TR T ;
1E_¢j reverse I-V 1
1E_51§ characteristic 1 _
; i quenching
g Lo - - time too long bad quenching
= =i 1 P pulse
D 1E-8 ; (beyond AVmax)
3 e, :
1Ea1D-; -|
1E-11-;__ 1 e .
32 | 3r3 | 3Id- | E-IE I SIE ' 3IT I 38

Bias (V)



Operative AV Range - I, ,/DCR

Operative overvoltage (AV) range limited by:

1) I,»~20pA > AV < I R (non-quenching regime)

2) Dark Count Rate (DCR) acceptable level « PDE vs AV « E field shape
3) V, % edge breakdown (usually some 10V above V. )

A practical method for estimating the operative range, limited by effect 1),
is to measure the ratio R, of the measured dark current I to the dark

current I' ) calculated from the measured dark rate and pixel count spectra:

1)

D T DCR-N-Gq.

where N is the average N of fired cells

Non-quenching regime for values of AV
when R, deviates significantly from 1

Jendrysik et al suggest
R,=2 as reasonable threshold

current ratio (meas./calc.)
—_— — —
i [=)] oo o] [N 9

S ]

0

after Jendrysik et al NIM A 2011
doi:10.1016/j.nima.2011.10.007

[ | Hamamatsu S10362-11-50C ]

—u— 253K = 183kQ2
—e— 273K = 156k
293K = 139kQ

quenching
; time t0’|0n9 bad quenching
pulse (above
AVmax)

P U U T I T T TSI ————— |

12 14 16 18 20 22 24 26 28 30 32 34

overbias (V)




Excess Charge Factor (ECF)

The above mentioned current ECF = I
ratio is indeed a m_easure of ~ Counts Rate-N-Gq
total correlated noise €

(“"Excess Charge Factor”, after N.Serra et al JINST 8 P03019)

— It is not to be confused with multiplication noise !

— It measures any extra charge due to correlated noises
e After-pulsing

e Cross-Talk
e Limited Quenching

Note: depending on the device type (Temperature and RQ)
the kind of “second breakdown” is observed when ECF + 1
might be due either to:

e Limited Quenching - Jendrysik et al NIM A 2011

e or After-Pulsing reaching Probability=1

- A. Nagai, N. Dinu, A. Para, IEEE NSS 2015



1) common solution: poly-silicon

_ o Nagano

2) alternative: metal thin film . IEEE
— higher fill factor 7 NSS-MIC
2011

— milder T dependence

3) alternative principle: bulk integrated resistor

— flat optical window - simpler ARC

— fully active entrance window
— high fill factor (constraints only from

guard ring and X-talk)
— diffusion barrier against minorities

- less X-talk

—~ positive T coeff. (R~ T*24)
— production process simplified - cost

Ninkovic et al NIM A610 (2009) 142

and NIM A628 (2011) 407
Richter et al US ,L%?teqite /C\!.O 2011/0095388

MPI HLL

depleted gap
region

non-depletec
region

on-depleted
region

I~ Poly-Si

m

Metal Thin Film

|

|

-10

0 10 20
Tem perature [C]

< Rg matching constraints
cells' pitch/wafer thickness

« vertical R is JFET

— long recovery

5102  Electrode

Back electrode 211@NG €t al NIM A621 (2010) 116

A 1. L] '
C P Epi Tl IS
i P-Epilayer ! resistor|

‘\. ;

. (2328 olmem) -

pros
contra > non-linear I-V
Edge electrical _ )
field region High field region
O
Q
> Per
8 i\ bulk sdepletioni,
Q \, ) resistor *'\‘ region ".'
2
Q :
5 NDL SiPM
L
o
Q

30




Passive mode: quenching resistor

/ Passwe Quenchmg\

G
PR
&
“analog” SiPM

io "Quenching resistor” regulates both quenching and recharge \

e Simple concept but high-ohmic resistors needed

e Allows easy implementation of summation (full energy, 'average' time)

4 ™~

e Constraints due to passive mode: latch current level (20uA)
— large charge developed before quenching
— limited recharge current (Rq ~ AV/20uA for safe quenching - I < 20uA)
("long” recovery time: 1~ Rqg x Cd)

NG J

e Output signal compatible with that of PMTs - re-use of readout infrastructure



Passive / Active quenching and recharge (reset)

/Passwe Quenchmg\ Passive Quenching

\and Reset B " l Active Reset
Mj \ ~7 s
SIPM vz b
/ Mlxed (Actlve/ Passwey
- Active Quenching
R _,,'z_ Quenching g \ ACtlve Reset - /
I and Reset S
VTHJ> - CONTROL F
A PULSE U,N_D; LOGIC [
. GEMNERATOR "'"\-'LZS SG?/:
V., — modern

Gallivanoni et al IEEE TNS 57 (2010) 3815 SPAD arrays



Passive / Active quenching and recharge (reset)

v, o _—

—
_

/ Passive Quenching \\:

{
\

MPI% |I> - Active Reset P

~__ _—

Passive Quenching VeVer - \
and Reset Rg

S 30 . . | ~A\ MOS-SIiPM

: t V,/’ >

T 28 ]

= Rt A PULSE

% 26 1 GENERATOR

E 0 50 100 150 200

~ 1 | Time J:rm'i | R‘Ej :I:_

E

E 0.5 — r——

5 = =

% 0 ] 50 'IliID 15.1] 200

= Time (ns) = reCharge Ok

- hold-off limited by passive recharge

Need active elements for gaining control over: \
- quenching time against fluctuations (if Rq small) _ _

~ avalanche charge (- limiting AP and cross-talk) During the hold-off the detector is
~ slow recovery / reset time kept biased below_breqkdown (after

% avalanche quenching) in order to

-~ dead-time and no gating nor hold-off exhaust trapped carriers



MOS-SiPM (new “analog” SiPM structure)

Passive quenching + active recharge Gola, Piemonte, Acerbi IEEE NSS 2013

Varain
(a) e (b)
Source Drain Viesat
T e T -
F e _Eénurc.e
# T
Y .., Drainon shallow

implant

Fig 1: (3} Stucture of the MOS-51PM cell showing the transistor parhally

merged with the SPAD. (b) Schematic coromt of the mmerocell.

Drain
—

Reset — p» a3tz

L

T

View

Sack

%
T

Fiz 2: Schemane cirewt of the MOS-51PM, showang the connechions of the

microcells.

(FBK-Advansid)

e MOSFET transistor replaces quenching R

- custom process
- no losses in Fill Factor
- cheaper than standard analog SiPM

e Operation : periodic reset

e Features

— “hottest” cells self-disabled (like in d-SiPM)

- low Dark Count device
— After-pulsing suppressed almost
completely
— Very fast sighal ~2ns width

(AC coupiing tiqrcgjathode)

avalanches

1 Gate

t

Cathode

t
Random lime no event
alter

Fiz 3: Wokmg pnneiple of the MOS-%Fh, wihich 1= operated 1o a penodic

pulsed reset mode.

“show d SENArg s O
! unmtipiied leaks

L

10

He=




Passive / Active quenching and recharge (reset)

Cathode Voltage (V)

Diode Current {m#A)

> 20 . :
&
20 : g
E '"] I
10 | - @
-S EI i i i i i
= 0 20 40 &0 a0 100
0 - : o -
0 20 40 B0 80 100 Time (ns)
Time (ns) = ‘
E 1 T
1 =
=
€ osl
0.5 a
Lot k]
E ﬂ ke i L i
0 . . . : B 0 20 40 60 a0 100
0 20 40 60 80 100 Time (ns)
Time (ns)

Mixed Quenching
Vi Y Active Reset

T Active
= Quenching stgz_s;l:

S and Reset
B CONTROL |-
1 Vo], Losic |

N - Quenching time: critical

PULSE bl 8
conemnon | - Reset: ok, JAY Sa /-
— well defined dead-time - Quenching time: ok
- Hold-off: ok 2 - Reset: ok

- Hold-off: ok

... integrated circuits quite complex - arrays: hybrid or CMOS



Active mode: transistors to Quench and Reset

e Sense the voltage at the diode terminal

\

" e Use transistors to actively discharge/recharge the diode
— controlled amount of charge - reduced after-pulsing and cross-talk
— controlled (fast) recovery

N\ J

e Flexibility: programmable timing possible, disabling of faulty cells
e Electronics area not active (unless 3D integ.): higher cost & lower fill factor
e Electronics exposed to radiation: hardness ?

e Fast digital signals (gate delays of ~30ps, rise/fall times ~90ps), low parasitics

Separation of photon number, time of arrival - T

—

and position information (complete information) . - h
right at the detection element /Mlxed Quenching \
might potentially enable \and Active Reset /!
new detector concepts -
Vhias Uex B
vV
aIready ‘digital” signal -
Rl e L ey quenchlng )
active \ -:Ilgltal pulse ,,v"‘/

quenching recharge recharge

feedback

early passive
qguench

quenching 1 “digital” SiPM




Active mode - "digital” SiPM

Phl|lpS DlngGl SiPM - Cell area ~ 30x50um?
APD cells & integrated electronics * Fill Factor ~ 50%

YWhias Wex

T.Frach at LIGHT 2011
o 7 %
[So—Ls to readout

recharge 6T
ﬁ spad_enable SRAM

L5

* Cell electronics area: 120um?
* 25 transistors including 6T SRAM

| +~6% of total cell area

ﬁ/ » Modified 0.18um 5M CMOS
e S  —d|  +* Foundry: NXP Nijmegen

i == o

- reduced Fill Factor
- electronics exposed to radiation
— additional radiation weakness




Analog vs Digital SiPM

Analog Silicon Photomultiplier

Vbias

Readout ASIC

Discriminator HTDC === Time
DJ: Shaper H | —ADEJ—» Energy

SIPM
Digital Silicon Photomultiplier
1|IIJIIIlI:uias
Ebgim Detector + Readout
i Recharge ] E AR - Time
> L0 L Energy




Key features: main parameters vs V_ and T

Gain, Pulse shape (analog SiPM)

related to the recharge of the Dynamic Range, Linearity

diode capacitance from V_,to V__

during the avalanche quenching :

: : pulses triggered by non-photo-generated
time after L, is reached carriers (thermal / tunneling

generation in the bulk or in the surface
depleted region around the junction)

Primary noise: carriers can be trapped during
an avalanche and then released

- thermally ggnerated triggering another avalanche
Correlated noise:

~ after-pulses, cross—talk\. photo-generation during the avalanche discharge.
Some of the photons can be absorbed in the
adjacent cell possibly triggering new discharges

PDE =QE+ P ¢
QE = quantum efficiency

Py = avalanche triggering prob. | ®—_ ppE (photo-detection efficiency)
€ = geometrical fill factor

Related to the photo-generation and
to the avalanche propagation —

Time resolution




But... wait a minute:
27?7 how to measure

o breakdown voltage V_,
e junction temperature TJ.
e quenching resistor R,



[-V characteristics

- Information from Forward current - Rq
- junction Temperature

- Information from Reverse current — - breakdown V,,
- T coefficient



I-V characterization: forward bias

2 FBK devices @ ) _ _
£ s Ohmic behavior at high current
30 D E—
Linear fit - R__. .~ Rq/ N
10? -
290K @ Voltage drop (V,) decreases
! 197K linearly with T decreasing
- (e.g. at 1pA)
' 9K Strong variation with T
0 - : - negative T coeff of V_
@Forward current /
| qV,
! ; I ~C @' ex —1
+ forward (n)‘ p<l’]kT) ]

0 025 05 075 1 125 L5 175 2\ 225 25
Viias (V)

Shockley et al. Proc. IRE 45 (1957)
n ideality factor
Diffusion current dominating: n - 1
Recombination current dominating: n -» 2



Forward I-V - Junction Temperature probe

Voltage drop at fixed forward current - precise measurement of junction T...

for T-0 ideally V ~ Eg ... otherwise not trivially measured !
(freeze-out effects apart)

/4

~ E s | |
> L ; : constant current ]
é gﬂg:_ .............. » b\“;‘;...é ...................... R |nJect|On ............. _
a - e : o : ]
£ [ g“‘x“ Iforwa;rd o 1|J‘A : ]
> S0f bR PR R R R TEIRRT R S

xm’\

TW:_ ....................... ..................... “.?1:;; ................ ...................... _

[ : : H\H*H : :
ﬁgg:_ ....................... R ERRERIEE b ?H‘“;;;"é ...................... _
5,:;,;]:_ ....................... ...................... ...................... ..... H.Hfmk.h.ﬁ .......... _

Lo kT, C(n)AT) ~.
.;rﬂg__ ........ d— e n[ .................. ...................... f'h'ﬂ‘lé; ...................

q q - © forward : MH\H

309:_ ....................... ...................... ...................... ...................... ............... H\

So o w o me s e Tme o T
e (almost) linear dependence with slope dV, /dT|, , ~ —3mV/KT (K)
(we don't see freeze-out effects down to 50K )

e direct and precise@ration/pr@)f junction(s) Temperature



Forward I-V — Series Resistance (vs T)

Two ways for measuring series resistance (R,)
1) Fit forward characteristic high I-V region

2) Exponential recovery time (after-pulses envelope)
\ After-pulses )
T 102 [ envelope = : = 1 Measurements (1) and (2) consistent
S | > dominant effect from
= | *"\ quenching resistor R
:l'.: Ml . - q
i (- series R bulk gives smaller
Q. contribution)
@ o
o 10 | % g
0 i :
™ liis= = o fitI -V
~ L n fwd ]
" : . o
= o2 o« o fit exp recovery | ~ Empirical fit: /
N lE o “ | R,(T)~0.13(1+300/T "'\ M O
N— (M c
(0'g) L —
9\
0
< 1 ...
= Afterpulses envelope
~ o
S T OIOS Overlap ofwaveforms o
Q " THY Y e v
463 -0.05 A
E ~ -0.1 A
3 | : | FBK de\{lces 5'0-15’ exponential
50 200 225 250 275 300 %
T(K) -0.25 A ” -
] ] ) ] 03] | After- pulsmg )
Note: SiPM for low T applications must have appropriate more probable at short delays

quenching R (not quenching at room T I) 1008 10E-08 e S0E-08 70808



Quenching resistor

; 100
E oo 90 Imm sg, STOMPEC (S0ump)
5 . 80 F
a 10 F
T £ B0 |
o D
S a0t
0,07 F 01
20 .
10 | | Adopting
—0.02 0
0,OF+00 5,008 1 DE—07 1.5E=07 150 200 250 300 m eta I
time (sec) temperature (K) .
quenching

The quenching resistor value increases as environmental resistor

temperature decreases. The larger resistor makes the
pulse amplitude lower and the tail longer.

Temperature dependence Temperature dependence
of the sheet resistance of the pulse fall time

S

#: poly-5i resistor
B metal resistor

\
X\
e

8

*:-pﬂh,.r-ﬁi resistor Im o) roved
B: metal resistor

temperature
stability

oo
=

o
Lo}

sheet resistance iknhm!sg__]
[=r3
(o)

P
(s ]

[

D 100 200 300 400
lemperature (K)

Metal quenching resistor achieved 1/5 temperature dependence



Reverse I-V

- Dark Current behaviour
and V_, measurement

unmultiplied
perimeter ~ linear with Vbias - linear with AV (overvoltage)

leakage

RS Reverse I-V characteristics at fixed T

kﬁaHeakage;é

o 5
multiplied 3 = = = = = = 2
bulk leakage L
~Q - Gain (G) - Dark Count Rate (DCR) 205K .
~ g - AV - AV - quadratic with AV 0o .
Note:
- G is linear with AV T
- Dark Count Rate is ~PDE which is linear with AV “35%
(at least for few volts)
10 - - 2361{ x .-
223K ,-:
107
173K
-3 -
10+ 123K
10~ = ! : = = : : |
20 22.5 25 27.5 30 32.5 35 37.5 40

Viias (V)



Reverse I-V —» Dark Currentand V,

Iddrk fHAJ

10

10

10

10

10

!02 -

Reverse I-V characteristics at fixed T

Dark current decreases rapidly with T

at rate ~ x2 / 10K

20

g T
linegy L
: (?U_adratl.c
295K (Vs V
o ' # blﬁkdOWn)
Breakdown Voltage vs T
258K e ! !
E FBK devices ’
236K ) ; 34 . : / 1
! 3 /
223K : 20 e 0.9
e
173K 28 -
= 1 0.8
. 26 .
- #..J,-"
| : i | | i 22 -
22.5 25 27.5 30 325 35 -
20 S - 0.6
o
18 : : : : : :
50 100 150 200 250 300 350

Breakdown voltage decreases

T(K)

at low T due to larger carriers mobility
-~ larger ionization rate (electric E field fixed)

G.C. et al NIM A628 (2011) 389

V, (TYV, (300K)



V.,vs T - T coefficient (AV stability)

Breakdown Voltage

= 36
= 3y
32
30
28
26
24
22
20
18

~ (pulsed mode)

e

" ~80 mV/K
_» (above 240K)

.

Vbr measured by fitting single
p.e. charge vs bias voltage

_ the line is for
FBK device eye guide

100 150 200 250 300 35

T(K)

G.C. et al NIM A628 (2011) 389

- 0.7

Temperature coefficient

V, (TWV, (300K)

0.6

0

dv, /dT (V/K)

70
68
66
54
62
60

Bre akdownyoltage [VWV]

58

56

f . AVbr /Vbr /AT
_____________________ _________ N.o._.sz___O/o/_K___é ______________________ i

i

100 130 200

LT LT -I-I-I--|-I-I-I-|-J-Ll LTI J-T 'J--|-l-l-|-i-

60

Temperature [K]

Fig 6 Breakdown voltage as a funcrion of temperature of the MPPC with 400 pixels.

80 100 120 140 160 180 200 220 240 260 Z80

J.Csathy et al NIM A 654 (2011) 225

230 T (K) 300




Depletion layer — V,_, dependence on T

—
E
L
-
(7]
=
g
=
o
=
2
3
w

¢ LI LR L L D T

TCAD simulations _

5 |- T=293K _]

= 'v"bm =27TBV _

4 — —

3 oo Davice &

= = =-Device B |

2 — Device 0 _|

,1 _— —
o0 N
0 5 6 7

Depth (um)

Narrow depletion layer (high background

doping™) or thin epitaxial layer)
- minimize V_, dependence on T

- gain stability /w/Vu _ 8G/G
oT ST

) resulting in epitaxial layer
not fully depleted at V,,

Trade off against:

- PDE (thickness)

- minimum gain (cell capacity)
against after-pulses and cross-talk

Serra et. al. (FBK) IEEE TNS 58 (2011) 1233
“"Experimental and TCAD Study of Breakdown Voltage
Temperature Behavior in n+/p SiPMs”

Note: precise agreement simulation/data
is not trivial at all. Definition of ionization
coefficients is device dependent...

BD 1 T | T | T | T | I | T

70 [~ o—a T, =20um
~ o= -0 TEpi = 4. 5um {Device C)
B0 o - Tz..-. = 2.5pm (Device O)

= ﬁ..ﬂT:__FI = 1.5um

TCAD simulations

0 | Epitaxial doping: 1.35x10"“em™

Breakdown voltage (V)

40 - o —
30 - e T o
20 E-=- =]

] I l I | 1 | 1 l I | 1
200 250 300 350 400 450

Temperature (K)

Fig. 9. TCAD simulated V' 5 in the GM-APDs of this work (see Table I) in an
extended temperature range. Two additional epitaxial layer thickness are con-
sidered ( 200 jim, 1.5 jim) to emphasize the impact of the depletion layer width
on the V' gp vs. temperature characteristic.



Improved V_, uniformity and T coefficient

=00
700
Gl
200
400
300
200
100

il

Count

Fap (V)

| | L L I
— RGE Tech —
| m EGE W1
— R GE W2 -
gl W

— Ozl W2 =

Oigial Tech

|

[0 T |1"r‘

28 29 30 31 32 33 34 35
S1PM breakdown voliage (V)

g

3l

Recent FBK-Advansid devices

breakdown voltage non-uniformity
strongly reduced both at wafer level
and from wafer to wafer

breakdown voltage temperature dependence

N L DL AL L B B |

o RGE Technology

— @ Original Techuobogy RO MV

| I T T

| I

=20 =100 0 o 20 30 40 50

Temperature (°C)

Giain shift (Kb

C.Piemonte, Scuola Nazionale Rivelatori Legnaro 2013
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| 1L ! | ! | | ] ! |
\ Calculaton
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—Il d, AV /AT =2TmVrC

B ! Cmigimal SIPR 7]

AF AT=30mV~C
Symbols: Experimental data
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f— u_\_"_ il

00—
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Overvoltage (V)



Methods to measure... which breakdown V_, ?

,_\\

1. “"DC mode” - I-V curve fit according to a model
2. "Pulsed mode” - fit gain (charge) from single photon spectrum
... both methods can be carried on with and without light

%

Simplest DC model - linear slope (V<Vbd) + quadratic (V>Vbd) ...
... second order effects should be included, as the following:

e Miller or McIntyre terms for APD gain below breakdown

o turn off V < turn on V (hysteresis effect)

e After-pusing and Cross-talk contribution (far above breakdown)

Hysteresis might explain why usually one finds V, puised < V  BCmode

Indeed while the pulse charge (gain) is mainly affected by avalanche
turn-off probability (vanishing at V .), the current besides gain includes a

avalanche turn-on probability P term vanishingat V>V __

turn-on

e G.Zhang, D. Han, C.Zhu, and X.Zhai, J.Semicond. 33 2012

e A.Nagai, N.Dinu, A.Para, IEEE NSS 2015 and NIM A 2016

o A.V.Chmill, E.Garutti, et al NIM A 2016

e F.Nagy, G.Hegyesi, G.Kalinka and J.Molnar, arXiv 1606.07805

Detailed discussions
about these issues might
be found in the papers:



Methods to measure breakdown V,_

Table 2 Step by step expisnation of the 0O model. HV] is the Heaviside sbep function and &) is *-

derymtive, the Dirac deka function, 28.25
28
Single cell current: g
/ 27.75 1 >—
'r-'.r!I':'::F_FIIJ].:F_I;'r:'.IIHII'F_Fl"-] .":. = /
4 — 27.5
- 2
17 derivative of cell current: -z 27.25
h 4 ___
La' % |V = Vo) +5| - BV = Vo) - == V(Gain)
; : 26.75 e V(D)
®-e V(PDE)
2™ derivative of cell current: 26.5 - —
0 10 20 30 40 50 60 70 80 90 100
h
Lo " H(F = VFy) + 58V - Fyy) ! Pixel size [mum)]
— e There is a significant difference between V-V
L] - - # 1 . . . . .
e | e AV decreases with increasing pixel size
L' 87 = V) + 58 (V =iy - to be understood !
e V. 2 V. = Geiger breakdown voltage V,,
3 derivative of 5iPM current: A (cross check: no signal seen on scope for
o R A V < VI for many photons from LED)
™% DV 4300 (F) S o V. is the voltage relevant for the

user Gain ~ (Vbias-VGain)
e Model calculations underway to understand
F.Nagy, G.Hegyesi, G.Kalinka and relation Vturn-off vs VGain vs Vbd

J.Molnar, arXiv 1606.07805
A.V.Chmill, E.Garutti, et al VCI 2016



Pulse shape, Gain and Response

Il mostly for analog SiPMs

- Detailed electrical model
- Pulse shape
- Gain and Gain fluctuation

- Response non-linearity



Simple electrical model - ideal signal shape

Diode (capacitor) currents / external
and slow recharge "
charge stored defines Gain " I R,
- Gain ~ C AV (@] Vbd)i CGI__ __Q/bias
AV =V__-V_, "Over-Voltage” = T
a R,
]
iIatch 7777777777777777
. (-t 7 /eXp('t/Tq) Fall (recovery) time
_eX = T 0 : ~
P | d 99% recovery t|me> 51, << .[q — chd

t
Gain - linear with AV (# APD)
~ no multiplication noise (# APD) + limited intrinsic fluctuations

— independent of T at fixed AV (# APD) - higher stability (wrt APD)

Rise time T dependence (weak) due to R,

Recovery time T dependence (strong) due to R_
C, is independent of T



Actual pulse shape and Gain

Waveform (Dark noise)

o |.'| M M—‘mh“ﬁﬂ wﬁmﬁﬁnﬂwﬁ-ﬁ% ; ,‘”JI.'«"
[
Pulse shape 0.1 | AN J-'J' l".-'ﬂ;
! 2 i |
1. fast component = 02 A | o
(parasitic transient) - ! 1 double ‘
S signal
2. slow component due to \ (optical \
(99% recovery time ~100ns) Ik . :
s LEE _ cross-talk) single cell signal
: single cell signal + 2 afterpulses
Charge Spectrum -E-ﬁlc-ﬂ? o 1a-07F Ecl-ﬂ? Sa-07 Aa-0F Ec.--!:? Seae-07
Teme (=)
illumination w/ LED _
W= 3pe excellent charge Gain
s000- N resolution (few%) 206 linear up to AV~5V
- - uniformity of . proper quenching
4001 2pe cell to cell response 1.6E+06 -
3nui— \ - T=22°
1pe true single ph.e | 1205
200~ N 3 f
100:—Op\? J 8.0E+05 V Slope —
E...|..ﬂu PRI I T IR B, AR IR ‘ 4.0E+05 Cd+CqN8OfF
uU 200 400 600 300 1000 1200 1400 1600 1800 2000 l

NOTE: gain easily measured
... better if integrate all charge

‘ 0.0E+00

31

33 34 35 36
Bias Voltage (V)

32



SiPM equivalent circuit and pulse shape

Single cell model - (R |Cd)+(Rq| |Cq)
SiPM + load - (|[Z_)IIC,.,+ Z

grid load

cel

Signal = SlOW puISe (Td (rise),TsIow (fall)) +
+ fast pulse (14 (rise), Urast (ra)

Ty (risey™~ Ry(C,+C,) [intrinsic] |
ol ra) = Riad Cioe  (Fast; parasitic spike):

= R, (C,+C,) (slow; cell recovery)I

ol

slow (fall) Firing k\ Other Para_sitic
F.Corsi, et al. NIM A572 (2007) 416 microcell \ microcells “grid”
: \ capacitance
S.Seifert et al. IEEE TNS 56 (2009) 3726 . L
ererteta (2009) Cq - fast current supply path in the beginning of avalanche
Sp.Charge Rd x Cd,q filtered by parasitic
e e Rise: Exponential inductance, stray C, ... (Low Pass) - O(R__, C...)
N

e Fall: Sum of 2 exponentials: transient + recovery

\¥/ C *t R C L
» V(t): Q ( q eTFAST + load d eTSLOW) for Rload
c+C, C R, C+C,

where Q = AV (Cq+Cd) is the total charge released by the cell
— 'prompt’ charge on C_.is Q.. = Q C/(C +C,)

<< Rqg

==
o
=
T

a

tot

o

O 00

[ta)

[
@]

o

=
o

©
M

R,= 400kQ

AV(Cd+Cq)

Gain still well G = | dr = Qlq, =

—= _:I__ — .'_.I._gl — .';_'.._'3 — dGﬁﬂ@d: qe load Qe



Pulse shape features

—t —t —t —t
~ Q Cq ™ Rload Cd T om _ QRload Cq L Cd Tom
Vit) = e ™ + e = e +z=——¢
c+C, C, R, C +C, C+C, st slow
Note: valid for
low impedance load
Lgain G = [all = gy = AVIC,*+C,) independent Ross << RQ
QeRload Qe Of RCI
® Trast = Rigad Crot
) Qslow Cd ¢ Tslow = I:{q (Cq+Cd)
— charge ratio -
Qﬂlst Cq
< s €2 s
V__ - peakvoltageonR_, , ~ ~ T dependent on R
""" T - (increasing with 1/R )
15 C,= 10fF
Cq= Cd Vmax C C R
C. = 10pF Jow ot Bjoad : :
A\ Rl — peak height ratio won . 4t increasing with C, and 1/R_
_I R:= 50Q Vﬁzst CqRq

Note: when C_, large and R __, small

N o . 7RG RG> pOle splitting for T

fast / Tslow




Pulse shape features —» SiPM impedance

C. de LaTaille — PhotoDet 2012

¢ RLC too simple, inaccurate at
high frequency

1000

* CdRqCqLR OK
— May better explain HF noise
behaviour 100
L 10
F 7
Cq 1 Rq Rload
11..01]' 1U:EID IDE:.EID
L ca Measured impedance
MPPC HPK 3x3 mm
~ Line : C =320 pF
15 jun 2012 CdLT Photodet conference

- Ringing effect with low Z Front End !!!

1,000.00



Pulse shape: dependence on Temperature

The two current components behave differently with Temperature
- fast component is independent of T because C_, couples to external R

- slow component is dependent on T because Ceiq couple to Rq(T)

U

" Sns

load

H.Otono, et al. PD0O7

1 Wt 1 Ons Sy Le e e E i . . 40 n
; ol SR, U S, o

o oo oo snfe o vun S & | S

: T s R
: : : : £ RN '
¥

4+

Coocepm10.0ns A Ch3 \-74.8mv] | u :

OIE 20.0mve - 1
Z Cai : § 119.400 %

T saacs e e e ol oSk 1. ook B L2 amys ' ; 1
; ; 20.0mve: ; C : : : . g : : : 5
HPK MPPC i b i i, Gmpvzo2000ns 20.0mve © 1 M10.0ns A Ch1 \~77.6mv-

T i+739.2000n8 oz

008 ¢ 0L0s -
T= 785K —T= TS K
—_ 505 K — 295 K

—l E 004
1]

003
B il E
0.04 tail 25 ns E 0.2

high pass filter / shaping
-~ recover fast signhals

tail 210 ns

002 g 0.

Output veltage (V)

S poo

0.0

0 50 100 150 200 250 00,520 o0 z0 40 60 B8O
Time (ns) Time (ns)
(a) (b) HPK MPPC

Fig. 2. (a) Output signals from the MPPC when no high-pass filter is used, and (b} output signals
from the high-pass filter when two pulses were generated successively. . .
Akiba et al Optics Express 17 (2009) 16885



Hdin—100U—11, Valtdde step B

Pulse shape vs T

i Adam Para at Light 2011
HPK MPPC: 25um, 50um, 100um é

Ham—a500 —11908

Ham—G250 —
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Pulse shape vs T

Signal Amplitue (uA)

Alberto Gola — IEEE NSS-MIC 2015

The exponential tail of the single cell response (SCR) becomes almost

negligible at cryogenic temperature.

1.E-01

r
m
o
[ ]

!..-I
™m
=}
i

1.E-04

500 ns integration

<+ time

j Decreasing
i Temperature

0 1
‘J Time (us)

Average SCR

T = 40K
—T = 120K
—T = 200K

T = 260K
=T = 300K

Signal Amplitue (uA)

The fast peak
WO s preserved
1.6-02
1.E-03
\ _H_L_ NN fﬂ,__‘u._
1.E-04
0 50 100
Time (ns)
Zoom of the first part
of the SCR

68
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Pulse Charge and Amplitude vs T

Alberto Gola - IEEE NSS-MIC 2015

The SIPM Gain is significantly reduced with temperature but the SCR

amplitude is much more stable.

NUV-HD Low-field

1.5
eOV=3V I ..,-Iil-l.".l'-'
s OV=4V :P*%% o 30 ae ©®
E = (= ]
-E- SOWR3 Y i el i | :E- .I-".'.'. a -...'l'.".l-'"'.
g oOV=6V proaT T (el e i . 00 ©
.- L] @ E=) ."
EIE ."'|I| .'..-".... b Ezu Itll' .'. """.ll'll'
e ] L =% a® [ ]
s o ® e _Ltete,, o i " Sgteegett, e
= s ® ™ B 15 s *e 4
g 1 S, @ o » £ R L4
L & o
£ S £ 10 *«OV=3V
e jelenets g *OV=4V
ae® 2 OV=06YV
0 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (K) Temperature (K)

SiPM Gain
500 ns gate

SCR Amplitude

69



Single cell charge resolution - gain fluctuations

Device illuminated with short weak light pulses from a blue LED.
Device biased at 3V over-voltage.

Effective quenching and cell-to-cell uniformity !

1400

T00 1200 M

—4.8mV

1000 -
200 | T=10°C

Count

600 H)J

SiPM 400 |

" LAV

0 10 20 30
Number of photns

NOTE: resolution limited by electronic noise

40



Single photon resolution - Gain fluctuations

2.0E+06 -

G=AV(C,+C,)lq,

— Gain is linear if AV in quenching regime
but

there are many sources of response non-
linearity (non proportionality)

1.6E+06

1.2E+06 -

Gain

8.0E+05 A

4 .0E+05

Slope

- measurement
of Cd+Cq

SiPM gain fluctuations (intrinsic) differ 0.0E+00
in nature compared to APD where the o
statistical process of internal amplification

shows a characteristic fluctuations

AKCGH to cell
0G — 0 Vbd o 6qu uniformity (activemm
o area and volume)
G »Vy C"‘I control at % level 1000

/

e doping densities (Poisson): &V, , = 0.3V
Shockley, Sol. State Ele. 2 (1961) 35

e doping, epitaxial, oxide (processing): 10

oV, ,~ 0(0.1V)

100

Counts

1

33

34

Bias Voltage (V)

35

SES MEPhI/PULSARAPD, U=57.5V,T=-28 C

36

gain
fluctu

ations

* #

i L

0

100

In addition 8G might be due to fluctuations in quenching time
... and of course after-pulses contribute too (not intrinsic - might be corrected)

200

300
ch. ADC

400

- A— 8 — 4

200



Recent improvements in V., uniformity

Engineering{high electric field & depletion/drift layer profiles

|

E field
-
E field

A i Vbd uniformity easier with
< w=high field

lower field over a
wider “high field” region
- e
region width
4>
\ - depth

depth

800 T T T 1 rrrr 1 11 1]

700 RGB Tech. —

— Improved break-down ! ==RGBWI !
. . 600 m=m RGB W2 -

= e Original W1 .

VO Itag € un Ifo m Ity . 500 === Original W2 -]
- at wafer level S 400 | _

S B i

- among Wafe S 300 - Original Tech. -
200 - -

N.Serra: “"Characterization of new FBK SiPM 100 | N ‘ —
technology for visible light detection” 0 i |[ b1 1l | S
JINST 2013 JINST 8 P03019 28 29 30 31 32 33 34 35 36

SiPM breakdown voltage (V)
Note: also improvement on T coefficient of V, — stability



... hote

1) no multiplication (excess) noise in SER

2) SER width due to intrinsic fluctuations in
doping densities and variations among cells

3) Correlated noise is there (AP, CT)
— excess charge factor (ECF) \

Not linear with intensity
... but not the only source

of non-linearity ...



Response Non-Linearity

K type (1024 pixels)

Non-proportionality of charge output w.r.t. == | gt 1R 5Bt
number of photons (i.e. response) at level of ] el | \<<\ |
several % might show up even in quenching o ; L&D e Saturatlon
regime (negligible quenching time), depending \\6 =5 |
on AV and on the intensity and duration of the 3 ,;\0°® .
light pulse. "%f . Qoﬁ"',' | |
NI O &< SRl | Note:
Main sources are: / '+—=*—effective dynamicjrange
e finite number of pixels ] depends on recovery time and
e finite recovery time w1 time spread of photons arrlval
e after-pulses, cross-talk a1 [ T TR 1000

e drop of AV during the light pulse

in case of large signal current on .\
series (ballast) resistances

/

T.van Dam IEEE TNS 57 (2010) 2254
Detailed model to estimate non-lin. corrections

Finite number of cells is main contribution in
case number of photons ~ O(number of cells)
(dynamic range not adequate to application)

PDE

Gain (a.u.)

— — — Scintillation light pulse

phot v ~ — - — - Fastlight pulse

T ol D C——— T
Photonflux (a.u.)

- saturation N firea = N l—exp|— 1
nay h_... ~
— loss of energy resolution I\ e

Time (a.u.)

see Stoykov et al JINST 2 PO6500 and Vinogradov et al IEEE NSS 2009 N28-3




. . S.Uozumi - PDO7
Calibration caveat e une 2007
LED Response curves taken with
.’i PMT various width of LED light pulses.
‘ wW l ~ IF[H (gate width = 100 ns)
. X ok ¢ Vyue =710V
9 6000 w = 50 ns- > o Vias =715V
_ag O.'J %’ ’ vzias= 720V
= % 24 ns Q
54000 . dﬁ}, & E C].O[S,. W — 50 ns
®© O Ceo
a 8 16 ns = .
O ns = 3%, 024 nse
2000 . V,, =710V 2 Vi s '
%160 © Vpias =710V CSU -60 8 n§ o ® 0 40
| ® Vlbias =720V 8 ‘ 16 ns " ° -
0 5000 10000 0_ _ 5000 10000
Light input (photoelectrons) Light input (photoelectrons)

e Dynamic range is enhanced with longer light pulse

e Time structure of the light pulse gives large effects in non-linear region
e No significant influence with changing bias voltage

e Knowing time structure of scintillator/WLS light signal is crucial
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W 100 —
L .
s g
z= sol— ]
g [ == Data 1
~ [0 Simulation i
] “':_ — After-pulses ]
= — — Cross-talk |
2% — Dark-rate |
Excess noise [
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Amplitude fluctuations

finite number of pixels: constraint
— limit in resolving the number of
photons

Eckert et al. Procs. of PhotoDet 2012
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.E -
e 04 =
02— W, —
P PP P S i s Ao i e ; ..r:
a0 —
&0 R —
= a0 e e— -
20 i —
' 3500
N,

AN DR —PDE, CT, AP
¥ - -R{:_f jl @ I_k __.."I

N, N \/?f

4 ¥
see also Musienko et al JINST 2 2007 P0O600




Tiny cells: not only wider dynamic range !

- tiny cell MPPC (2012) by Hamamatsu

/Many small cell SiPM types avallabl\

\FI" Factor improving (> 60%V

e tiny ceIIs (» 10- 15um)
-~ HPK, FBK-Advansid, NDL, MPI-LL,
(very fast recovery ~ ns)

e micro cells (- um)
- Zecotek, AmpliticationTechn.
(warning: very slow recovery ~ ms) 20 pm cell pitch

SiPM-1, 2500 cells, U=26.5V, Y11 light, Gate=100 ns

3000 I
-=|deal linearity line

2500 + SiPM response
2000 . *
1500

1000

SiPMs NDL (Bejiing)

Zhang et al NIM A621 (2010) 116
Han at NDIP 2014

e type: n-on-p, Bulk Rq

* high cell density (10000/mm?) =
e fast recovery (5ns)

ent number of fired

| pixels
)
*
+

©
o 500
e low gain :aiylgamlc % ,>'< Measurements by Y.Musienko
e better 'g i
timing — less after-pulsing /a 1000 1500 2000 2500
- less cross-talk N, xPDE

- mitigate effects of Iggfigtjgn—rdalﬁageS
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High Dynamic range SiPMs (example FBK)

G L< 1lum
™ RGB-UHD- —
o o | _«ReB-HD - morat kb coivsiicon
- . 2
E 7o - ',,'
E GO . -:.."'- i Jlf’ -
AL . 1
e | A4 RGB |
20% Ly Fa .
RO
o e {Alberto Gola — PhotoDet 2015, Troitsk)
Cell sensitive area vs. trench  Finished 10 pwm cell pitch Fill Factor vs. trench width

width SiPM

0.75 57.1%
1 48.8%
1.25 40.3%
1.5 32.6%
RGB-HD
RGB-UHD

call pitch (um) | cellsimm |
12 7000 cell pitch (um) | cellsimm? |

15 4500 ‘ 75 20530
20 2500 10 11550

25 1600 12 7400
30 1100




G.Collazuol - SNRI 2016

FBK RGB-UHD parameters

']
125 um cell
455 AqN 1 V=57V
40%  @7.5um " A0%
35% @ 10um et L 35%
E ® 12.5 um .
= F05 . - & -‘-'- I |
7 25% gt _nt w 25%
L - LA a® E
By 20% i ﬁ' ] 20% | i
& 15% e 15% :
e nd
1% . 7.5 um cell
5% W % ' ' oOV=46V
o= %
b 2 4 g 8 10 12 50 400 450 800 8550 600 50 Ty 750
Over-voltage (V) Wavelength [nm]
(Alberto Gola — PhotoDet-2015 , Troitsk)
Laser response HE‘EBUEW time
1 A [ = 12,5 micron 14
| "i: + 10 micran =1z & 7.5 um
= LA I i | + 7.5 micron E ¥ - Ty
L - & ' E 10 - ® 12.5 um
— i h -] -
g o6 . 5 8 L
2 P 4 3.4ns : .
g. 4 H - ® g -
& 1 - E- 4 - " . ‘ % "
ot : g 3
F
[ — o
o 10 2 3 40 3 ] A, 2 M
Time [ms]



High Dynamic range SiPMs (FBK)

NV High-Density (HD) technology:

. . . MNUN-HD
Lower dead border region = Higher Fill Factor Bk | (C<Zpm
g ™M | ] I .
Trenches between cells = Lower Cross-Talk g o | v SiPM
NUV-HD 30pm Cell Pitch PDE, 10V OV ® s | (L=4.5um)

L= 10 Em |

SN LD o |

0 HIF 2 |

%m 5O% E 10 |
E L1
Pl L ans ] 10 0 el 4i5 j="u B Tia
— Cherenkow light spectrum Bowas Cell size (um)
im Earth's atmosphere
% on 50 sos  as0  soo =50 oo ese  woo 30 um cell pitch SiPMs: GF=77% = PDE>50 % !!
Wavelength [nm]
13 NUVHD (G. Zappala(FBK), VCI-2016)
High—_ﬁeld High-field region
region

© D »
P ~ 4.5 pum < 2 um Trench
N
| High Dynamic Range High PDE
ENEEIEEIETIEEIEEIEE |\ )\/—HD
~ FillFactor (%) 55 66 73 7 81 83
- SPAD/mm2 4444 2500 1600 1111 816 625



Example of 10 years' technology development (FBK)
Original technology 2005

Electric field
. . > Courtesy Claudio
engineering Piemonte (2016)

RGB 2010
NUV | 20712

New cell border y ﬁ

(trenches)

RGB-HD | 20712
NUV-HD | 20715

{/ Ongoing developments

NUV-HD RGB-UHD VUV-HD NIR
optimization




Large Dyn. Range SiPM for HCAL CMS upgrade

PDE(515 nm) [%]

cewnERBERERER

PDE [%]

SiPM, T=23.2 C

1 1 1
* HPK-array-10003-chS

1

FT

—

——

V-VB [V]

1400 SiPM  arrays

— &-ch. 5iPM array for the CMS HE HCAL Upgrade
) : prnject @2.8 mm SiPMs, 15 um cell pltch

5 6 7 Glass widow with special filter was designed [
to cut off UV light which can be produced by muons

have been

delivered to CERN during this year

Amplitude [V]

350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

0.05
-0.05
-0.15
-0.25
-0.25

and hadrons in plastic fibers

SiPM laser response

ﬂ{,._J__J

4. 0E-08 6.0E-08 8.0e-08 1.0E-07

Time [5]

Recovery time 7-8 ns



Noise in SiPMs

pulses triggered by non-photo-generated

' carriers (thermal / tunneling
generation in the bulk or in the surface
depleted region around the junction)

Correlated “excess” charge:
— After_pu ISI ng ¢ —— | carriers can be trapped during

an avalanche and then released

- Cross-Ta Ik triggering another avalanche

“optical”

Primary noise
— dark counts

photo-generation during the avalanche discharge.
Some of the photons can be absorbed in the
adjacent cell possibly triggering new discharges




Dark Count Rate

from MHz/mm? (old devices)

to few 10 KHz/mm? (recent)

2.5x1 06—_ ...................

— — I\J
O N O
[ I R R BN |

Dark count rate (Hz)

O
a1
1 | 1 1 1

FBK-irst/l run 40um
FBK-irst/ll run 40pum
SensL 20um

SensL 35ym &£

SensL 50um

HPK 25um

HPK 50um

HPK 100um ",

N.Dinu et al. NIM A (200
Electro-optical character!
of SiPM:-a-comparative 9

8)
zation
tudy

AVINgp (%)

e DCR - linear dependence due to P,, « AV (- same as PDE vs AV)

- non-linear at high AV due to cross-talk and after-pulsing - « AV?
e DCR scales with active surface (not with volume: high field region dominating)



Recent improvements against Dark Counts

KETEK PM 3350 (p*-on-n, shallow junction)
3x3mm? active area pixel size 50x50 pum?

]
=
=]

KETEK

Dark Count Rate f [kHz.I'mmz]

100

=
"

PM3350 Standard and Trench Type
O Standard Type w—Fijt

4

3 Trench Type  rit
] |

0

.

V,, ~ 25V

74

1 0 30 40

Relative Overvoltage [%]

F.Wiest — AIDA 2012 at DESY

a0

e

.

Critical issues:
e quality of epitaxial layer
e gettering techniques

e Electric field - tunneling B

Exelitas 1% generation SiPM 2011
(p*-on-n) 1x1mm?

1000
800
600
400

200

;|

Dark Count Rate (kcnts/s)

o

V,, ~ 140V

¢ 100 um, GE = 74%
m50um, GE=51%
25um, GE=29%

¢ 100um, GE = 52%
050 um, GE =39%

0

Exelitas

5 10 15

Over Voltage (V)
P.Berard - NDIP 2011
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Recent improvements against Dark Counts

11

i i
£ B Moa NaT 100KHE T . -"'.I'J
| )’.ﬂ 4 Dark Count 1x1 mm?
g“ Facior af 20 Improvemant P = ’* — 1000
%lu- al 2.5V Cwverblas -""V i -f!_',lfr'"--
2 = oL g
fos ik __-_—*«___ p Without Tranch
*os | ﬂf_ﬁ&i- e :}f‘”"# r
fr .-": : i _f -
ié el ,5:.4-""-: - ,Ol“r{'ﬁ D"n'u
s J.Merphy|SensL) 2 SiPM 100 & — T2
1;—,#_;-1' = Advanced Workshop, March 2014) e -
¥ P
e o Y W T ] JIJ Il
aiia g i [HPE: Koei Yamamoto, 2 SiFM
Advanced Workshop, March 2014}
o . I . . ! 1 —
g1 2 3 4 5 & 7
'E Owarveltage (V]
: ” i
S | | . Various devices show DCR at
25pm 30pum 3.5“'“ 40pm Troom at level of ~30kHz/mm?
(G. Zappala(FBK), VCI-2016) in extended over-voltage range
30% 35% % 45% 5% 55%. 60%
PDE (%]

86



DCR - digital-SiPM (Philips)

Control over individual SPADs enables detailed device characterization

DCR vs. Active Area ,
Dark count rate map o Worst cells
P T o aaaamEa s e s B E E B B RS R R ssaflssan
™ o b 8 R R R AR R ARG R R . wonaflnann
- S E e e e ETESGhed L
8 e e e

10"

e s m R g g L h
----------

111111111111111

...............

Active Cells [%]

SPAD Dark Count Rate Distribution .
7D e Soun Hate Dt I » Over 90% good diodes
Tiec (dark count rate close to average)

* Typical dark count rate for AV=3.3V

~150 Hz/diode at 20°C
 Low DCR ~1-2 Hz/diode at -40°C

T.Frach at Heraeus Seminar 2013

na

Can disable bad cells (eg 10%) ...
" park ... loose in PDE (10% relative)

1w 1’
Dark Count Rate (cps)




Recent improvements against Dark Counts

Engineering high electric field & depletion/drift layer profiles

|

E field
>
E field

A i
“LOW FIELD”
< W=high field

)y
region width
4>

>

Aeeth

S0 40 30 20 10 0 -0 -20
T T T T T 1 |

—

10

3 o= : E
= =] 1 mm SiPM, 50pm ce - .
oo a1 RGB has a much lower noise
100 F Pog onginal  {  and a steeper temperature
st o {1 dependence:
< I RGB !
2 10 F E
E o RGB-SIPM (OV=265V) 1 -2 less tunneling
”}l n o Onginal 5iIPM (OV =7 V) _
= | ] | | | | | | | =

3.2 34 3.6 3.8
1000/T (1/K)

N



FBK NUV SiPM optimized for cryogenic operation

1.E+06 Alberto Gola - IEEE NSS-MIC 2015
-m Std. field-OvV=4V
1.E405 @ Std.field-OV=5V | H
m Std. field-OV=6V g
1.E+04 @ Low field-OV =4V i l E &
-® Low field-0OV =5V g '
—~1.E+03 - o Lowfield-OV=6V — > [ orders of
£ o8 magnitude |
E 1.E+02 i
E 1.E+01 Standard field o I:"f*'. axponential
a m .y
< 1.E+00 - _ =l Ladlll espect to
= : ==l srature.
1.E-01 . §
1.E-02 % i Low-field

@ @
8 .g.p - A
1.E-03
0 50 100 150 200 250 300

A 10x10 cm? SiPM array would have a total DCR < 100 Hz!



contribution to DCR
Dark current vs T sources of DCR from diffusion of minority
carriers negligible below 350K
Noise mainly comes from the high E Field
region (no whole depletion region) ¥ 1) Generation/Recombination
SRH noise (enhanced by

T - trap assisted tunnelin
= FBK devices . P 9)
30 : —E
10 * IreverseNTl'S exp act
L ' CB Conventional KBT
. constant AV . SRH positive T
107 A e av=v y o B e coefficient
o AV_3V ° VB i tunneling
o * ' Iy
10 ) ® AV=]V
o E
i G
X
!
2) Band-to-band Tunneling
y noise (strong dependence on
0 o the Electric field profile)
i
PYY CB
2 negative T
10 | : : : | coefficient
50 100 150 200 250 300 :
x10 x1000 I (K) )
- >< o > =4 BR -

Efield engineering is
crucial for min. DCR
(esp. atlow T) VB

center

Tunneling noise dominating for T<200K
(sharp high E field region - higher noise)



FBK NUV SiPM optimized for cryogenic operation

Alberto Gola - IEEE NSS-MIC 2015

Thermal generation

1.E+05
«0OV=4V i

1.E+06 :
I
«0V=4YV
1.E+05 1.E+04 '
e «OV=5YV «OV=5VY
.E+
eOV=6V g LEO3  sov=6V "
—~ L.E+03 : -
E s J E 1.E+02 ‘
JE+ ] P
) ) W LE+01 ¥
£ 1 eon & £ Tunneling i
a 3 T -E+00 o !
LE+00 _ > & :; 82 8/
& L i [}
LEpye————— -t D e H " NN i i R e
] ]
1.E-02 > 20x t 1.E-02 5 . .;_i i
N e B o e e e B S G e o ey
1.E-03 1.E-03 :
25 20 15 10 5 0 25 20 15 10 5 0
1000 / Temperature (K1) 1000 [ Ternperature (K1)

Standard field Low-field




Dark Count Rate vs T

: : : Hamamatsu
. A:i | (100um pixels)
" i
o 10
z .
g T ’
; 10 ......... e . :
b
1 i : e e J8OK
. A L ¢ 295K
10 1 oo "a I A
i a ™ e
102 Bkl S S = 1W0F * ®
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 3 . .
Tunneling - exponential
] 10°F
100 150 20 40 :. ‘ dependence of DCRon T
Temperature [K] g _ _
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After-pulsing and Cross-talk

Alberto Gola - IEEE NSS-MIC 2015

Different SiPM noise components are related to different
physical phenomena.

DiCT

DeCT

gieanching
top metal resistor

Primary

Diffused
T Afterpulsing
Primary
Cross-section of the dark counts  SiPM waveforms
SiPM microcells. acquired with the

oscilloscope



After-Pulsing Carrier trapping and delayed release

cB .\
M P : ( ) = P. eXp (_t/t ) P DZVZ\ ~Few % level
ey ——bEaAt afterpulsing c T ’/ 01 \;,,/// at 300K

avalanche triggering probability
\ OAV(t)
VB

T : trap lifetime
depends on trap level position

quadratic
dependence

P_: trap capture probability
on AV

Ocarrier flux (current) during avalanche 0OAV

ON traps Temperature (°C) -
1.0x10” : : 22 2 =P 8
experimeantal -:Iat-q 5 - ~
fit 104 = ~
fast s 3 &
~ oot | components [ ] Ty
= iy v - o
= ® 10°F 3 o
% @ 3 3 = m
% g X =] 8 ~
E 2 B T Q>
2 oo | slow . - 10°E 3 942
components S 1 <3
. " ] d‘E
107 = g g
1ox107 S E-f:‘el—OE‘- 1el-0.7 1.E-Iee-0.? 2el-0? 2.5:*:-0? 2e-07 3 x 10‘33: 3- = ; ;5 U S;
/. Delay (s) A BTN \‘ S 0
Fig. 10. Spectrum of the delay time from the primary pulse to the after-pulse. ..
not trivial

Only partially sensitive to after-pulsing during recovery % dependence on T
ie recovery hides After-pulses (does not cancel them)



After-Pulses vs T (constant DV)

Fyp

T
9 9)
~
Q
D
<.
(D

h

oq Lol s

Measurement by waveform analysis:
- trigger on single carrier pulses (with no preceding pulses
within At=5pus), count subsequent pulses within At=5us

(find the after-pulsing rate r,,)

- Subtract dark count contribution

- extract after-pulsing probability P,
corrected for after-pulsing cascade @ ———— _ Fap
Pyp=""
l+r ,,

e Few % at room T
e ~constant down to ~120K

T decreasing: increase of
characteristic time constants
wraps) COMpensated

by increasing cell recovery

e L , R N T Ot
CERs ety ~ time (R))

55 ] 'féﬂ'

300
T(K)

1 I 1 | |
150 200 250

e several % below 100K

T<100K: additional trapping centers
activated possibly (?) related to onset

of carriers freeze-out

— Analysis of life-time evolution vs T
of the various traps (at least 3 types at T

room)

G.C. et al NIM A628 (2011) 389



After-Pulsing vs T (constant DV)

Alberto Gola

IEEE NSS-MIC 2015

The growth of the microcell recharge time constant helps reducing the
afterpulsing at low temperature.
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Optical cross-talk

Avalanche luminescence (NIR)

Carriers' luminescence (spontaneous direct
relaxation in the conduction band) during
the avalanche: probability 3.10 per carrier
to emit photons with E> 1.14 eV

A.Lacaita et al. IEEE TED (1993)

Photons can induce avalanches in neighboring cells.
Depends on distance between high-field regions

AV? dependence on over-voltage: i e | | & |
e carrier flux (current).during avalanche « AV N.Otte, SNIC 2006
e gain « AV
p+ (/1/-'\\ (\f\’,
Counteract:

* optical isolation between cells
by trenches filled with opaque material
* |ow over-voltage operation helps

It can be reduced to a level below % in a wide AV range



Optical cross-talk: also reflections from the bottom

Measured Emission spectrum

1.0

0.8

0.6

100

SPAD A SPAD B
N —— 7™

] 10—1

] 102

PDE

] 103

] 104

700
Wavelength [nm]

800

isolation

107
900 1000 1100 1200 100 5

_ (<100nm)

A.Ingargiola — NDIPO8

00 600 700 800 900 1000 1100 1200 1300
Wavelength [nm]

Rech et al Proc. of SPIE Vol. 6771 677111-1

(2) Main component due to

total reflection internal from

the bottom (substrate)

|
| /
\\ \ | ,r;/r 'llll 4(
|
|

Air

metal sheet

(3) Isolation implants
are sufficient to stop
direct component

o [em-1]

Silicon absorption coefficients:

1 (1) Cross-talk due
1 to narrow A range

Wavelength [nm]|

— Crosstalk can’t be eliminated simply by means of trenches
— Main contribution to crosstalk comes from bottom reflections (using trenches)



G.Collazuol - SNRI 2016

Reflections and "external” cross-talk

Outer reflective surface (active material, scintillator, ...)

detector back side

Additional components:
- reflections of avalanche photons on external surfaces
- delayed avalanches (see also F.Retiere Procs. of PhotoDet 2012)

99
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Cross-talk reduction

1 ¢ = frmn
The way to reduce X-talk: trench x| 4 e i
filled with non-transparent o N Siea
material (tungsten) {

Cross Talk (%)
£ E

: BE. | EPRREES 65 a-NNS R0se
| BSmuEsIm e Sasas
0 RETEE stabw-of Abm-ard krervch ju k ! ] 1 i E | a
—
E = '::'W'P'Ell:hl:-.'l:fﬂﬂuh Owervoltage (V,
§ol— o : [HPK: Koei Yamamoto, 2™ SiPM
E’; Advanced Workshop, March 2014)
i 25% -
g i 4 ‘-m I.: ..-':ll
- E]E’ﬂ- ".I .-'l:u"
\ e T e | .f'l_ A
{ T ;F-. T T ‘E:m-h____.f_f?::ﬂ.—--
i 2 4 8 5 i o
Cred .
T ] w 2oum 30pm 35pm  40pm
g s 400 50 [
(KETEK — Photodet-2015 (Troitsk)) PDE %)
X-talk was reduced from 20+30% to 3+5% at dVB=4+5V (FBK: G. Zappald, VCI-2016)
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Parameter overview - Recent FBK devices

RGB-HD NUV-HD NUV-HD
(@ roomT) Std. field Std. field Low-field
Cell Size 2D um 25 um 29 um
Fill Factor 3% 73% 3%
Breakdown Voltage 28V 260V 32V
Max PDE 45% o0% 50%
Peak PDE A 250 nm 410 nm 410 nm
DCR (20°C) < 300 kKHz/mm?2Y < 150 kHz/mm? < 150 kHz/mm?
DICT 20% 25% 29%
DeCT + AP 20% 2% 2%
_ : I
Tested Devices Optimized for low

temperature operation



Cross-talk components vs T

The direct crosstalk probability has only minor variations with respect to

temperature. Slightly lower gain and triggering
probability at the same overvoltage.

DICT vs. Temp 0% cov=3v

<" e OV=4aV
'.'."I s T e 5 25% e OV =5V
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«OV=4V «** e
[
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I The DeCT probability is negligible at all temperatures.
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Delayed Cross-talk and after-pulsing reduction

Low After Pulses sty
¥ & Comvestional type Mincelty carrer lifenme
N C b New slruchere hype raducod ~ 2 order af magnitrde
£ .* ¥ lwar delayed correlated nolss
Sl |
& 1 T
< 9 _" 1% | | : _ 1.0%
riHe e 3 /
1k S i i ! 3
0 i 1,5% . P
i L R % 25um EI.'IE;H :'_'rﬁpg]/elﬂilm
Owanvokage (V] - / a f:‘
0 - = =
- Trenches to avoid direct and delayed cross-talk %“* il
= 2 : ;
= buried junction to avoid out-diffusion... - ek ED]’IE:I
=- lower gain - use tiny cells (passive qnch.) “aon 35K 0K AEN DO SEW GO
(ie less charge) - or active quenching devices POE (%)
I " I ] 1 1 1 1 T 1 i
(HPK: Koei Yamamato, 27 SiPM et} :
Advanced Workshop, March 2014) % £ '
= i ]
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OK, but... wait a minute:
?2?? how to measure

e SIPM noise
e disentangling its components



How to measure SiPM noise components

R -
\srt S
\ =2 3 i |
I-
. Signal e
We acquire : 2l
4 filtered % oo
ms-long 3
to reduce 001 !
WaVEfCI rMms 2 ;: I v IDLED signa
pu Ise 802 — _
|ength Time {ns}

¥

- time delay array
~ amplitude array

C.Piemonte - Scuola Nazionale Rivelatori LNL 2013



G.Collazuol - SNRI 2016

How to measure SiPM noise components

Memory segmentation is employed to avoid storing unnecessary large
amount of “empty” data, when measuring very low DCR.

At = TS, + Aty

ﬂtiﬂt =TS, + Aty ﬂtiﬂt = At,

At =TS, + At,

[}
[=]

Amplitude [mW)
X B
= =]

Q

Amplitude

100

&
=

Amplitude [mV)
P =3
= L=]

100

=]
=

)
=

Amplitude [mV)
i B
= =

_2|:| | &t:‘ PR S R N N N i) | L ﬁtg :::::::: -ID . '&t
(1] 0.25 05 0.75 (1] 0.25 0.5 0.75 3 0.5 0.5 0.75
Time (us) Time [us) Time fus)

Time-
stamp
TS;

Alberto Gola - IEEE NSS-MIC 2015
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from Alberto Gola -

How to measure SiPM noise COI’\'\POHGHTS — IEEE NSS-MIC 2015

Ml
Scatter plot
4 U e
~ (_'I’ )
3 3 -E- =
- DeCT L] s
5 Y 7
= -
g g 1
=1 < =
=

1E-5 1E-7 1E-5 1E-3 1E-1 1E+1 1E+3

Inter-arrival time (s} Counts

Inter-arrival time histogram
o J DICT
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w 100
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4= Sensitivity = 12 orders of magnitude! =»



Photo-Detection Efficiency
(PDE)

“External factors”
— active area
- light transmission
— passivation layers (Ox/Nx)
— surface recombination
— built-in E fields

“Internal factors”
-~ light absorption
in depletion/neutral regions
— charge transport (drift/diffusion)
+ internal E fields (multiplication)

- charge recombination/trapping
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PDE = QE - P, FF T

QE: carrier Photo-generation

probability for a photon to generate a
carrier that reaches the high field region

-\ and T dependent
- AV independent if full depletion at V,,

P,, : avalanche triggering
probability

probability for a carrier traversing the
high-field to generate the avalanche

- A, T and AV dependent

FF: geometrical Fill Factor

fraction of dead area due to structures between
the cells, eg. guard rings, trenches

-~ moderate AV dependence (cell edges)

Currant [mA)]

10¢
107

100 -

vth
Cess
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dafir
Fani
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SRR B 2600
2dthp
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bt it
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QE factors

optical T,A,R of the entrance window 'n_: 0.4
(SiO, /Si,N, dielectric on top of Si) 0.2

— angular and polarization dependence 0

1
0.8 R,T,A coeff.
é 0.6 in SiOz
(example:
30nm SiO,
on Si layer)
10 100 1000

Wavelength /nm

carrier recombination loss: collection efficiency (CE) front, depl. region, back

§ ®

/

&

Q

| -

O

2

5 Tt

©
N

internal quantum
efficiency: prob. to
photo-generate an
e-h pair ~ E_hoton
(above threshold)

Internal spectral
quantum efficiency

—_ [N
o ;o = O MO W
T

o

& ¢ 5z

208 E o

= o o

506 | 1

S04 F : g 01

0 - 5]

D02 F @ S=10 [emVs]

[=] u o

© ot © 0.01

. 10 100 1000 10 100 1000
(@) Wavelength /nm (b) Wavelength /nm

— front region critical for 60nm < A < 400nm
- CE depends on surface recombination velocity S,

- freeze-out at low T

Commercial devices PDE - 0 in VUV due to:

- (d)

g/eV: Pair creation ener

1) protection coating (epoxy resin/silicon rubber)
2) reflectivity of Oxide/Nitride layers
3) insensitive top layer (p+ layer with E._, ~0 )

4) high reflectivity for VUV on Si surface

5) absorption length in Si VUV photon: a few nm
6) superficial recombination

&

Photon eneray/eV



Absorption length in Si and Ox/NXx
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QE - PDE dependence on wavelength |

FBK single diode (2006) photo-voltaic regime (V__~ 0 V)
100
P ————
. ?}’ e~
90 4 A‘é.A = — —
7 Wi B s
g 70 // / v%“'&,é
o 60 Q’A.’
- ov A‘A‘
>0 // ) -SZI?'I/"IU “A‘Qo
40 — — Simu ARC ”'6,7
30 ,
300 400 500 600 700 800
W avelength (nm)
limited by limited by the
ARC Transmittance small mtlayer thickness
&
Superficial

_ ) Most critical issue for Deep UV SiPM
Recombination note: reduced superficial recombination
in n-on-p wrt p-on-n



Trigger prob. P,, -~ PDE depends on | and DV

y

Probabilit

Trasmitted Light

! P, dependence on position 1E+02
1.0 r p 01 p MAX T 1.E+06
i I e —AE+01 ------ : R -
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main PDE absolute scale differences due to Fill Factor

Avalanche Triggering Probability -~ PDE shape vs A

Tuning PDE spectrum:
(matching applications)

e junction depth (shallow - reach trough)
e junction type (p-on-n or n-on-p)

PDE(%)

PDE (%)

16 —e— Photonique 43um: AV~1.4V; AV/Vg,~9%
b a) —¥— FBK-irst/l run 40um; AV~4V; AV ~12%
1 4 B —A— FBK-irst/ll run 40pm; AV~3.5V; AV ~12%
] SensL 20pm; AV~3.7V; AV g5~13%
1 2 N SensL 35um; AV~3.7V; AV g5~13%
1 0 ] —X— SenhslL S50um; AV~3.7V; AV g5~13%
8-
6 -
4 -
2
J e
O ‘ . N A
N -Dintr et a2l NIM A 2008)
50_ IV 171U - CC dlis V1T -7 (& U U0y
1 b) —— HPK 25pm; AV~3.4 V. AV, ~5%
i = HPK 50pm; AV~1.1V; AV, ~2%
40 B —4— HPK 100pm; AV~1.4V; AV, ~2%
] The errors on PDE measurements
30 = are estimated at ~10%

400

n-on-p structures
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trigger n+
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red

shallow junction
Ionization rate in Silicon
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Improving PDE - (1) E field engineering

0
40% ! | ! | ! | | | | |
L Solid-Closed: 560 nm —
Dashed-Open: 400 nm n " .
30% | ! _ RGB” FBK devices
VS
B — older devices
N oan
- 20% |- — (same fill factor)
10% | _
[ 50 pm cell |
0% 1

0 1 2 3 4 5 6 7

Overvoltage (V)
N.Serra et al Table 1. Main properties of the fabricated RGB-S1PMs.
JINST 8 (2013) P03019

FBK n-on-p RGB-S1PMs.
SiPMsize (mm?) 1x1,3x3,4x4 Gamn 'V 4-108
Cell pitch (m) 25-50-70-100 R quenching (at 20°C) 500 k€2
Fill-factor (%) 21-45-58-72 Cell capacitance (1) 170 fF
Vap (at 20°C) 285V Rise time (D(2) 5.6 ns
Dark count rate (1) 480 kHz Recovery time (12) 350 ns

(13 13 1 mm?® SiPM, 50 pum cell at 20°C, OV=4 V: (2) Single-cell pulse, see figure 2.



Improving PDE - (2) Metal Film quenching R

Quenching resistors occupy some of the cell’s sensitive area. They are non-transparent for
UV/blue/green light. The loss of sensitivity can be significant (especially for small cells).

Metal Film Transmittance _ RRE : p g
100 . = : - = k0
g o —— 1 1 | " &
= B E 1 1 1 1 ',
F Y
i. a0 L = P A ! -]
T I ‘E— ﬂ - 1 1 :
% ﬂu _...:..... ......\: ............ E m B ..i.l. .. . . .-.':.H”FF:EII..H“
= BN T VR R | TR T e - Mew MPPC Saries
5 40 E o0 |1l | |
= !l E i = - Temnzh Saries
w e T
200 400 BOO BO0G 1000 1200 0 10 F0 30 40 S0 B0 TO BO RO 10D
Wavelength [nm] Microcell Pifch (pm)
Maew 15 wm il 0

(HPK: Eoei Yamamoto, 2 5iPM
Advanced Workshop, March 2014)

Good Uniformity of resistance

{ full G-inch wafer |
- Width | Pely-5i | Metal
= Tum | 19% 9,
= lpm | TR A% Another advantages of MFQ resistors are better uniformity and
v Low Temperature coefficent d - .
_ ofresistence relatively small temperature coefficient = smaller cell recovery time
S Paly-Si |  Metal change with temperature
%5 =2 37 ki 143 ki}
3 Y.Musienko - SiPM Review - RICH 2016
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Improving PDE - (2) Metal Film quenching R

MPPCs developed by HPK for the CMS HCAL Upgrade project

Atype-=15 Micron

| Polysilicon resistors

MIPPCs, T=22 C

S0 e sPPL-ISUMPAT
o MPRL-T5LIBP-H]
% ag | * MPPC-1SUMPC] |-
E a0 -
an ;
an 20 t } F ¥
§ gt 1 i

! L - =L I" .;* I

a

a 1 | 3 | 5 G 7 i g 10

A

-1

B/Ccype=15 Micron

. A= A=+ -f-
-r*‘_r!l ""_-1- » 1=

e ot e S b DA s B

” dvB=a.0 V
2 [ = MPPC-A
- I I, | & mpPca
k] . '__1- :+-:‘il--|--!--.;_ :_upp,:_,:
3::- I?-I 1 :_il'
Aria ki1 7P
a}"l-- |} 1-. 1

' H'?fi.

15
i ‘.“-.I-*.llillllln |.-II.I.II| T
5 im
i

IS0 400 450 SO0 550 00 650 O
Wavelength [nm]

PDE(515 nm)>30%: for 15 pm cell pitch MQR MPPCs. it was improved by a factor of >3 in
comparison to the 15 pm cell pitch MPPCs with polysilicon gquenching resistors.

Y.

Musienko - SiPM Review - RICH 2016



Examples of improvement in PDE

Barlow — LIGHT 2011 —~ PDE peak constantly improving

PDEvs . 1mm- 50 pm-GE=51% @ 5 OV for many devices
0 “Excelitas | # Monochromator Data | -~ every manufacturer shape PDE
35 ¢, .| WlaserData _ for matching target applications
30 o *tu
» B
25 . %
20 . _
E 15 A F.Wiest — AIDA 2012 at DESY
10 . .. & S8 “"PM1150 Standard Technology Type
~ 5
. FF~50% * 80 | KETEK
I:| i TU }

+31.0 Ve AV~EV
«285V|

300 400 500 600 700 800 900
Wavelength (nm)

(5 B )
a O
. e |
—
———
b i
* i
. R S
L4 L
————i
e L

el

PDE [%]
Y
[ ]

Photon Detection Efficiency }

= 60 I I I I 30 ! ' P{}* ; | !

= - _ _ { }{+:}f {

= F V=25V AV=3.3V o  FFn~60% Hithi,

a 50 i —— Measuremsant ‘144 'i'}

£ — 10 | Active Area: 1.0mmx 1.0mm . iii**iéiiiih

= aal Cell Pitch: 50 pm

2 L 0 .

§ sok ds PM 350 400 450 500 550 600 650 700 750 800

B Philips Wavelength [nm]

= i : rl" .

& 20 VI, dSiPM (latest sensor 2011)
of W‘M‘H - up to now no optical stack optimization
13 i NP - no anti-reflecting coating

300 400 500 600 700 BOD . 800 — potential improvement up to 60% peak PDE

T.Frach 2012 JINST 7 C01112 (Y.Haemish at AIDA 2012)



Note: fair comparison plot — PDE vs Noise

D.Renker JINST 5 2010 P01001
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G.Collazuol from published data

Serra et al (FBK) JINST 8 2013 P03019
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New development: VUV SiPM  optimization of the parameters
- proper passivation

LAr, LXe and LKr scintillation - VUV sensitive SiPM | - superficial layer optics & E field
- thinner junction

JXIMM-SOUM VL3 H'n;]" _SXIMM-S0UM VUV AT EHEMF-'I-EIJUM VL2

20 [ "‘f' ..-.-.._.;. suiic -.!. sas .!. Sy -.|. m.
C / . Ll T TR S
B ] 7 i) SR WSSUORR | NSRS (SN, I N

Hamamatsu

10 1

.II:IE' T: | | :

0.0 - 5 5 5 . =200 150 -100 -5 0

o5 o 0 Temperature (°C
MPPC Bias Voltage (V) PR (]

MPPC Gain

=l
Lo
]
=

Dark Rate: = 1 P.E. {(Hz)

B
E .A_ll.J.n.l.li_u.l-lLu.lH_.u—LumL.l.u-'_l '.ml

-
i

R R

B - ] [ mmwswall The PDE(128 nm) was
i —— JX]-f i A ]

e . —tl L measured “8% for 50
| i | § vm pitch SiPMs and
PPETINT Am-281, E-55Mev ~13% for 100 um pitch

mwmeAEFEHH— _: SI'PM Et duB:a 1|H|'

- LAr

(NIM A833 (2016) 239-244)

=
o]

s AT YD

R
\\
Events | 2 pC

FPhoton Detection Efficiency (%]
k!
1

]
Lo |
L=

1.23‘ .5 : o mnmm
MPPC Over-Voltage (V) Signal Charge (pC)

G.Collazuol - SNRI 2016
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Excellent performance of MPPCs have been measured. . Ip-e.

o Gain: 8.0%10° (@ Vover=7V, series connection)
7 Low crosstalk probability (~15% @ Vover=7V)

Crosstalk probability

VUV SiPM - Hamamatsu development w/MEG exp.

Basic performance of MPPC have been measured

N Lxe by using 22 LXe chamber. S.0gawa - VCI 2016
o LED and alpha source are used as light sources

g 1 p.e. peak is clealy resolved for large area

Ex le of the ch
(12x12 mm?) MPPC. ample o charge

distribution using LED

Op.e.

and wider operation voltage thanks to the crosstalk suppression

= Sufficient PDE for Xe scintillation light (PDE > 15%) T R R R
Charge (awu)
Crosstalk probability vs. Over voltage PDE vs Over Voltage
0.6 gfﬁ_ - ;
- prototype - o ' Nl
0.5E : oA 3 i s
- If final model F r :}',, ¥
- I - Tl
04r 1 025 - . !
ﬂ_3§ H Crnas’rullf . 22— —— |
ook suppression 3 l | ‘ ‘ 1 ] \
U.‘!E | I |:|.1f— :
o | H L ook Hamathatsu
el N R S R R S-S T




Note: Optics in LXe (Si worse than quartz)

V.Chepel - Weizmann Ins. Sci. 2015

n(Si for 177 nm) =0.832

n({LXe for 178 nm) = 1.69
[Solovov &a., NIMASTE]2004)462 ; Hitachi, = 2. ICP133{2005)234508)

Critical angle 29.5°
Integrated solid angle 0.13x27
Adding 12% reflection =2 11% of isotropic light can enter Si

Strong refraction index mismatch

Refraction index of 5i (amorphous)

| Fresnel reflections at the LXe/Si interfz

| -
J 0.8 niiiei = 1,65

wavelength (pm)

10 20 N 4an

w 02

]

o018
0.16
0.14
0.12

FDE wz. Incident angls

o

"y 1:# i‘wﬁ:‘t
" m ¥ | ---""--.___
o’ S

" Angulor dependence
of reflectance

M-H"'\.
0.1F . n;ﬁ \\
0.08F . “xx
ﬂ.[ﬁ:— L b l--,.
0.0 - i
D'I}E:_ 1"-.
= AP PP M PRI I P
1] i 20 30 40 S50 &0 TO &0
Incident angle (deg)

S.0gawa - VCI 2016
We found that PDE has larger incident

angle dependence.

Larger than the angular dependence

of the reflectance at the Si surface.

Effect to the final detector performance

has been estimated by MC simulation.

2 2 o9

Reconstructed depth is biased to shallower,

if the larger angular dependence is NOT ;

correctly included in the reconstruction.

We are planning to measure the angular

dependence in a dedicated setup.



Note: PDE vs Temperature (AV constant)

When T decreases: 1) silicon E., increasing

G.C. et al NIM A628 (2011) 389 . larger attenuation length

" %3-7"5 T FBK devices ] - lower QE (for larger A\)
o ogen lamp (CW e .
% Q £ p (CW) 2) mobility increasing
S . N ® 400nm > larger impact ionization
8= ~ larger trigg. avalanche P,
O W ) ® S00nm
X E e -
I e \-\. -
1.25 Normalization 3) carriers freeze-out
| /o® . to PDE (room T) onset below 120K
| ; ¢ - loss of carriers
I - L
L] RMD APD at 400nm < A < 700nm
. . Johnson et al, IEEE NSS 2009
| * 110 —
0.75 o . = '|'D'D—: 111
» = 90
| . . %’: BD—:
0.5 = 70-
| L ﬁ{]—- I — 4{]{] nim
lines are for < - | —e—500 nm -
= eye guide s 207 f | —a—G00nm ]
| I:EE 404 T “freeze out” _,__ 700 nm -
0.25 — ' ' '
50 100 150 200 250 300 O+
<« _freeze-out (3) I 0 50 100 150 200 250 300

Temperature (K)
?7?? interplay between (1) and (2): modulation
... drop in 250<T<300 not well understood
(common feature with APDs")

Additional effects in APD
(depletion region depends on T, ...)



PDE shape: changing with Temperature
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PDE vs A (AV constant)

i

PDE spectrum
at low T peaks at
shorter A

Data

.
L]

=
B

=
(W]
PDE (absolute]"

0.15

0.1

0.0

EDE f{a.u.)

PDE AV vs (A constant)

Slmulatlon

] 2 3 y 5 c'f ‘
AV (V)

Pulsed laser (405nm)

Data
® O7K
.
123K -
A 60K
-
L ]
i
F Y
- A L
' F Y
- &«
o .
L& -
|
2 4 [5) 8



PDE vs Temperature (AV=2V) - LED and Laser

Relative PDE

PDE dependence on T at constant gain:

similar results with LED (cont. light - 380nm)

and Laser (pulsed light - 405nm)

Some common features

with APDs (proportional mode)

2

=~
Co

1.6

1.4

1.2

PDE(T) / PDE(297K)

0.8

0.6

0.4

0.2

LED (not pulsed) o

50 100 150 200 250 300

T (K)

PDE (T) = ]SiPM (T) /ILED
Normalization with PDE at T=297K

100, 0% E
a0.0%1 '{

L 80.0%1 i{ i i i

G T0.0%4 >

g 60.0%:4 !

= 50.0%1 ¥

m [ 14 =

E 40.0%1 I

i son] g APD at unity gain
20.0%1 H

o = Red LED light

10.0%%4 1 Yang et al. NIMA 508, 388 (2003)
0.0% 5 50 100 150 200 250 300

Temperature (K}

APD at 400nm < A < 700nm
Johnson et al, IEEE NSS 2009

-I -ID T I T T II T T T
- -|{]{]__ 111 : 11 . I ]
5’5 904 Wi !
g 807 ]
%—J T{]—_ .
p 60- : —e— 400 nm ]
= 50 1 —=— 500 nm
3 ] | ! —a—600nm |
o 4{]— 4 freeze out —»— 700 nm -

30

0 50 100 150 200 250 300
Temperature (K)

Additional effects in APD
(depletion region depends on T, ...)



PDE vs Temperature - A.Gola et al @ LNGS

A.Gola et al - IEEE NSS 2015

PDE at 400 nm

We used a pulsed, low-level light source
and the p(0) method to calculate the PDE.

70%

Higher PDE and
.®-30um Iower tunnelmg
@ 25um o T 2

@-@ e

20 °C

0 1 2 3 4 5 & 7 8 9 1011 12 13
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Timing

1) SiPM are intrinsically very fast

Two timing components (related to avalanche developement)

- prompt - gaussian time jitter below 100ps (depending on AV, and A)
- delayed - non-gaussian tails up to few ns (depending on A)

2) Factors affecting practical timing measurements

3) Optimization of devices for timing



x100

GM-APD avalanche development

1E0 ¢
(1) Avalanche “seed”: free-carrier : ’
T concentration rises exponentially B
— N y " . = " = .l . 1E-1 ¢
=~ ) /s by "longitudinal™ multiplication g
‘Ll “““ I “““““““ E 1E-2 £
© -
P (1') Electric field locally lowered & -
o (by space charge R effect) 8 1E3 ¢
Longitudinal towards breakdown level i
multiplication 1E-4 | A.Spinelli
Multiplication is self-sustaining - T‘ \L Ph.D thesis (1996)
Duration ~ few ps Avalanche current steady until 1. .
new multiplication triggered 165 0 5 10 15 20 25 30 35
Internal current in near regions .
up to ~ few pA time (ps)
Simulation w/o quenching:
P steady current reached
T (2) Avalanche spreads - Photon @ center of the cell
ot ) /. "transversally" across the junction B ST
/.- it 5 e ;
l'“t" I / (diffusi d to 50um/ I Vb =3V
F iffusion speed ~up to 50um/ns - -
enhanced by multiplication) z CHN ~¥— Photon @ edge
P r——
St 5 | il el
Transverse (2') Passive quenching mechanism 'E al
multiplication effective aftel_' transverse r§ i
avalanche size ~10um 3 r
D ion ~ f 1 o [Ef eI
uratio ew 100ps (if no quench, avalanche spreads over L i
. . 1 -
the whole sche depletop vome |
up to ~ several 10pA ” D ' ' ' '
g H saturation steady state value) 0 2 = -] 8 10

time (ns)



GM-APD avalanche transverse propagation

Avalanche transverse propagation by a kind
of shock wave: the wavefront carries a
high density of carriers and high E field gradients

gz .
(inside: carriers' density lower and E field decreasing .1 AR
toward breakdown level) %fj =}
; w4
ds _d D4 N ~ §
— =2 HAr=21v,. Ar=41tAr{— 8 o 4
dl‘ dt Tl'r( ) r diff \/: 5 V& ,.';l .’ : |
TN [
. dl dl dS/ D g i
Rate of current production: — ~ — S
dt dS dt R\t &
P
ﬂ_']_ Vbias /
ds = R,(S) S = surface of wavefront (ring of area 21rAr)

Internal current rising front:
the faster it grows, the |_OW€I’ t_he_ JILLEr  p - transverse diffusion coefficient ~ O(um?/ns)
dI/dt - understand/engineer timing r = longitudinal (exponential) buildup time ~ O(few ps)

features of SiPM cells 1

Vg™ O(some 10um/ns)

Rsp (S) = space charge resistance ~ w?/2c¢v~ O(50 kQ um?)

T~
1_(Emax/E rea. 0W}’l>n
-~ timing resolution improves at high V —— ekt e

bias

— E field profile affects 1t and RSp (wider E field profile - smaller R)

(should be engineered when aiming at ultra-fast timing) /<
- T dependence of timing through t and D
— slower growth at GAPD cell edges - higher jitter at edges

reduced length of the propagation front

SiPM cell



Avalanche transverse propagation (simul.)

Build-up Spread & Quench Re-charge Idle

10* 10° 108 107

= 10-3 -————Tr—
-
2 4 [(€
7 10
E SiPM cell
= |
10" 10 10? 107 101 10" 10° 107

Time (ps)

Slower growth at GAPD cell edges — larger cells « larger jitter



Discharge transverse size in SiPM
and pulse shape simulation

— Interesting measurements and hybrid model of avalanche development
and signal formation by R.Mirzoyan et al (see E.Popova at IEEE NSS 2013)

Spot size of

Geiger discharge light
M Avalanche

Geiger discharge

| L N[ ) [ e S WD [ P
A0 fa T Tk SEPM WCSRET LB s20 a0 i
J=3 C

Lagsas 78 g, e,

1) O(10)um

* —a— jpitial laser spof—-
== zFmc=

iwaky

2) independent of
over-voltage

3) mild dependence
from cell size

th of October 2013 E.Popova IEEE 2013 X, Imch



Timing jitter: prompt and delayed components

Fluctuations due to

mponent: lan , ot
1) Prompt component: gaussia a) impact ionization statistics

with time scale O(100ps)

b) variance of longitudinal position
of photo-generation: finite drift
time even at saturated velocity
note: saturated ve ~ 3 vh

(n-on-p are faster in general)

Statistical fluctuations in the avalanche:
e Longitudinal build-up (minor contribution)

e Transversal propagation (main contribution)

- Jitter at minimum - O(10ps)

- via multiplication assisted diffusion
(very low threshold —» not easy)

(dominating in few pum thin devices)
A.Lacaita et al. APL and El.Lett. 1990

- via photon assisted propagation

(dominating in thick devices - O(100um)) Fluctuations in shock-wave due to
PP.Webb, R.J. McIntyre RCA Eng. 1982—————» ¢) variance of the transverse
A.Lacaita et al. APL 1992 diffusion speed v ..

d) variance of transverse position
of photo-generation: slope

of current rising front depends

on transverse position

|

Multiplication assisted Photon assisted - Jitter - O(100ps)
diffusion propagation (usually threshold set high)




Timing jitter: prompt and delayed components

2) delayed component: non-gaussian tails with time scale O(ns)

Carriers photo-generated in the neutral regions above/beneath the
junction and reaching the electric field region by diffusion

G.Ripamonti, S.Cova Sol.State Electronics (1985)

Ay v
i I
5 1 : ;
&l Pk e E et et
» T ) ) ! z’ ..........................................
Guard_Ring ' i .a
. : i £ 05,
! i )
! i o
i 2
Neutral i E
Region < 3
! 8 10°%
! Q
O It
‘- -8
a i

0 1000 2000 3000 4000
Time (ns)

S.Cova et al. NIST Workshop on SPD (2003)

tail lifetime: 1 ~ L2/ ™D ~ up to some ns
L = effective neutral layer thickness
D = diffusion coefficient

—~ Neutral regions underneath the junction : timing tails for long wavelengths
- Neutral regions in APD entrance: timing tails for short wavelengths



G.Collazuol - SNRI 2016

Timing

1) SiPM are intrinsically very fast

Two timing components (related to avalanche developement)

- prompt —» gaussian time jitter below 100ps (depending on AV, and A)
- delayed - non-gaussian tails up to few ns (depending on A)

2) Factors affecting practical timing measurements

3) Optimization of devices for timing

134



Factors affecting timing measurements

e Leading edge signal shape depends on AV, T and impact position: Due to:
1) AR D-partially effective _ 1) slower
in canceling time walk effects ~ Single photon pulse shape propagation
. . .. . . >N . 1 of avalanche
2) digital timing filter might = °r T % front
account for shape variations (AV, T) Sos | il i A /_'—-
2  \la_p 7~ AV = 3V
Se | @R /’ FBK device 2007 é)ﬁ'gl‘g’er
Easf \ /

_ / at edges
48 2ps | 149.9ps e Hid -0-5;
L 9L ] t Wl \ ] @

; : Wl v average waveform
Dws.zps i and rms (band)

K.Yamamoto 70.8’--J---‘O---‘;---‘2----3-‘--4 . L &
Di?&?ps

w t (ns)
e Additional fluctuations of signal front froong cells in terms of:

5) parasitic capacitance parallel to Rq
4) inductive trace lines from cell to signal pad

f=]

A
I
N

1) electric field profile
2) break-down voltage

3) quenching Rq Hamamatsu devices » Sato et al IEEE NSS 2013)
trailing edge shape fluctuates (after-pulses) a depends on AV:
- falling signal part not useful for timing (detrimental)

- better not to use Time-over-Threshold (for single photon)

e Additional ribution from baseline fluctuations pulses, afterpulses)
e Very often‘electronics contribution dominates

e

(see improvements by using Trough Silicon Vias in



Example of Single Photon Timing Res. ("intrinsic")

timing measurement with femto-second laser, 2GHz FBK devices 2007
voltage amplifier, 2GHz/20GSs sampling and digital shallow junction
time filtering optimized for SiPM pulse n+
— 300 Jholes
3 s ‘mﬂ e
gﬂzjg : . ® A\ =800nm _ 'hmfcuon
o ole
o ; ® A =400 nm injection
200 '
e In general due to
\§ drift, resolution
150 | ) differences
. - eye guide
L AN - 1) high field junction position
8 ( \ - shallow junction: o' > gp’le
| \\ y R - buried junction: o/ < g e
50| N .
. o
— . 2) n*t-on-p smaller jitter than p*-on-n
0 / | due to electrons drifting faster in
0 1 2 3 4 5 6 7 : :
Typical Overvoltage (V) depletion region (but A dependence)
working region 3) above differences more relevant in
G.C. et al NIMA 581 (2007) 461 thick devices than thin
NOTE: good timing performances kept Recent comparative timing measurements:

up to 10MHz/mm? photon rates - work in progress by Brunner etal at DIRC 2013



Single Photon Time Resolution = gaussian + tails

Time resolution of SiPM is not just a Gaussian + Tails (long A)

gaussian, but gaussian + tails o ) N )
(in particular at long wavelengths) rms ~ 50-100 ps €Xp (-t / O(ns))
contrib. several %

G.C. et al NIMA 581 (2007) 461 for long wavelengths

10’ Overvoltage=4V FIT: gauss+const
Data at A=400nm | :
A=400nm
A simple gaussian component 10° -
fits fairly | |
102 f&umm,««mﬂ%%%ﬂ”’ i o WW‘”WMMMMW@
Data at A=800nm 0 2 4 6 s 10 12
mod(At, T, ) [ns]
fit gives reasonable x? in case of an OvervoltageEay FIT: gauss+const
additional exponential term | +exponential
exp(-|At]|/1) summed with a weight 3l A=800nm /
o7~ 0.2+0.8ns (depending on device) | (/ |
in rough agreement with diffusion tail n.,‘,wﬂwv”“*“' L TS P TR
lifetime: t ~ L2/ 12 D where L is the il - - _
diffusion length 0 2 y 6 g 10 12

mod(At,T,__.) [ns]
e Weight of the exp. tail ~ 10% +30%

) . Distributions of the difference in time between successive peaks
(depending on device)



SPTR comparison - various SiPM types

A.Rohzin - PhotoDet 2012

90
€ 405 nm
85
L 4 W 635 nm
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5t 75 23] .
H
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65 "z mg oo o
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60 |STM devices (p-on-n)
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- PiLas (ps) laser

- DRS4 waveform
digitizer

- optimized
timing algorithms
(library of traces,
for each SiPM
type and light
source)
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& 50um, 403nm
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all 1x1 mm?
"
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Timing w/ many photons (simultaneous)

Dependence of SiPM timing on the
number of simultaneous photons

Poisson statistics: o, « 1/VN_,
— &0
s 70 A =400nm ®
s Overvoltage = 4V
“ 60 +
__ contribution from noise subtracted
5o | + — fit to ¢/VN,,
40 | S
30 | ++ +
20 | B S e
10 |
0
0 2 4 & & 10 12 14 16
NPE

N of simultaneous photo-electrons



digital-SiPM timing resolution

Time Resolution

=
B

|
)
|

B

Time Resolution FWHM (ps)
g

AV=3.3V

T..“{H} =278 + 354 9N ‘

m_
- .--
ol I s
B .
- '-\.\,‘.__.
- __I_ -
a0 — R
| —
L]
o — -
| | P | |
a 10 20 30 40 S0 60

Mean 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 Distribution

= B B & B & 3# B8

T.Frach at LIGHT 2011

SKEW

L]
-160

Entriss
Mean
RME

&132
0001343
4229

[- Trigger network skew currently limits the timing resolution ]

168




Timing at low Temperature

Timing: improves at low T

Lower jitter at low T due to
higher mobility:

(Over-voltage fixed)

Note:

i p*
dt +Rsp\/;*

a) avalanche process is faster
b) reduced fluctuations

)
140 -
3
=
=120 | o AV =42V
o AV =44V
100 - |
T
80 |
l by
+ @
40 t
single photon FBK
20 timing resolution devices
2009 (n-on-p)
0
50 75 100 125 150 175 200 225 250 275 300

G.C. (2011, unpublished)

T(K)




Summary: timing fluctuations

1) main contribution at single cell level > lower field at cell edges
(with single cell, single photon resolution below 20ps “easily” reached)
2) main contributions at device level -~ capacitance

+ X-talk and delayed pulses (multi-photon)
+ signal propagation: second order effect
+ device uniformity: negligible contribution

;

Timdng jitter, PIHM (ps}
: i
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I:l 1 1 1 [ [ [ [ B [ Il
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E.Acerbi et al IEEE TNS 61 5 (2014)
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Timing

1) SiPM are intrinsically very fast

Two timing components (related to avalanche developement)

- prompt —» gaussian time jitter below 100ps (depending on AV, and A)
- delayed - non-gaussian tails up to few ns (depending on A)

2) Factors affecting practical timing measurements

3) Optimization of devices for timing

— trade-off PDE vs Timing

- enhancing the fast signal component
- many photons - scintillators

143



PDE vs timing trade off / optimization

C.H.Tan et al IEEE J.Quantum Electronics 13 (4) (2007) 906

|

E field

k=ratio of hole (B) to electron (a)
ionization coefficient (increasing

—

with E field)

E field
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PDE vs timing trade off / optimization

C.H.Tan et al IEEE J.Quantum Electronics 13 (4) (2007) 906
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Optimizing signal shape for timing

Single Threshold

1/rise-time and noise
0}

0)

e df (1)
di

Timing with optimum filtering:

- best resolution with

f'(t) weighting function 2

2 o amplltude

— time spread proportional to

__ 7 amplitude

jdf

Pulse sampling and Waveform analysis:

Sample, digitize, fit the (known) waveform

— get time and amplltude

// 2 o ™
0}

/ 0‘2' — amplitude \\\
\ Nsamples f dt[? /

Timing by (single) threshold:

\ fit)
(a) N j

Tmi Tmz

-1
HTmi-t) . fl{Tmg-t}

(b) Pid b

(c)

(d)

Fig, 7. Optimum filter for timing in presence of white noise
{method of derivation).
(a) signal waveform
(b) optimum filter for amplitude measurements,
(c) optimum filter for timing - derivative of (b).

(d) output waveform.

V.Radeka IEEE TNS 21 (1974)...



Optimizing signal shape for timing

Single cell model - (R,[|C,)+(R,[IC,) ————
SiPM + load - (|1Z_DIIC ., + Z ' ‘

grid load

Signal = slow pUISe (Td (rise),Tq-sIow (fall)) +
+ faSt DUIse (Td (rise),Tq—fast (fall))

.Td (rise)NRd(Cq+Cd)
O T fast (fall) — R|oad C

. (fast; parasitic spike
= R, (C,+C,) (slow; cell recovery

ol

Nt

g-slow (fall) — L
Other Parasitic

“grid”
capacitance

Firing
microcell microcells

—t —t
Q Cq Trasr Rload Cd Tstow

V t ~ N _I_ SLO
Pulse shape V=g o (Gre™+ 3 3™

max
. Qfast ~ Cq
— charge ratio

Qslow Cd
D015 C,= 10fF
Cq Cd Vmax GZR
C = 10pF . . .
w010 | j— 4ong — peak height ratio ’ZIS; QZ increasing with Rq and 1/Rload
|\ r.=s00 yre o C Ctot@loa/ (and Cq of course)

Increasing C /C, or/and R /R

N ~ spike enhancement
| ":.-12'-;. — 1I_.1;-3I l l1l__:.l1;-l3 - *bettertiming

load




Optimizing signal shape for timing

It can be shown that there

are 2 signhal components: J max "/Cz\R —>
fast + slow (recovery) St ce R
(see eg C. de La Taille V iow for

at PhotoDet 2012)

load

’/Increasing C,/Cyor/and R /R

>

load

—~ spike enhancement - better timing
— slow recovery tail suppressed

Y

- reduced baseline fluctuations )

Among new (2013) Hamamatsu structures

- trench insulation (against cross-talk)

- metal resistor

- enhanced and well controlled
amount of “parasitic” Cq

/1) enhanced fast pulse amplitude \
2) suppressed slow pulse amplit.

Fast Pulse

/ 1) better timing with fast component
2) lower sensitivity to baseline fluctuations

" - further improve timing by using higher gain

_Anode
Fast Pulse J:
'E i q

Cathode

T.Nagano et al IEEE NSS 2013

SPTR FWHM (ps)

350

300 |
250 [
200 |

150

100

MPPC: 1x1 mm2
Discriminator:
Constant Fraction

® 125 ps

Pt AP DOAD L bttt

1 2

3 Bl 5 =]

Owvervoltage (V)

¥

—— TP_A (-050, HFF)
—&— S12571-050 (Old)
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Optimizing signal shape for timing

SensL new SiPM architecture for fast timing

¢ Cathode Fast Output

3

H B B e

H B B B

¢ Anode

Figure 2: Concept schematic of the SensL fast output S1PM shown as an armay
of mucrocells connected m parallel (Courtesy of SensL [9].) Each diode
symbol represents an individual p-n junction microstructure. Unlike standard
SiPMs, each junction in the SensL. device has a connection to a third electrode

with a low capacitive coupling.
see also O'Neill et al - PhotoDet 2012

Measured SPE pulse shapes

04

0.3}

0.2t

01t

Amplitude, a.u.

Rkl — Fast output

— Standard output

— Standard with shaping
R 2 4 B 8 10

Time (ns)
Figure 9: Measured SPE signals from the SensL MicroFB-30035 device (3x3
mm?2 area with 35 um mucrocells): fast output (red). standard output (blue).
and (black) standard output connected to an external C-R shaping cireut (1 =
2 ns)

Dolinsky et al — IEEE NSS 2013

/Additional Fast timing output is shown to be equivalent to external high-pass filtering
(clipping) but of more practical use (many photons applications)

For a comparison of timing performances with many photons see Y.Uchiyama et al IEEE NSS 2013



Caveat: Signal shape & timing — scintillators

Single ph.e. signal slow falling-time component 1., = R (C,+C))
strongly affects multi-photon signal rise time

PMT - 1 p.e. - SiPM -1 p.e. SiPM - 1 p.e.
: : : . ; a I : , x 10
016 ) ) ] h _ ; . : :
| f various gaussian "i Qi'u changing s} \. changing
| signal shapes |- }};x rise time Tt fall time
012 | u‘;}\\ st
£ ."'-...':' - ud [ )
éﬂ.{b&- & 1 £ s E&%& E‘ﬂf- \_:,é
of |1/ 2l N\ | < R
} 0 N i5 K\E':-"":'{'-h i '-.:S:
A A A e | h N | 2
gt J, Ji ;; I\ys \}f-th ~.k.\ | 0 K 1t i
phd ‘_AE __,; - = é'w-h i i : L e e
! e T I T T T [ FTIE m 8 10
e
PMT - 511keV in LYSO SiPM - 511keV in LYSO ).M\Sllkev in LYSO
" convolution | w }k\“% ;“x nvolutlon
. 1pe O scint.exp. N \!5% 1pe O scmt.exp. |
]5 [
) £
: i 6 5
§ ) 2 N
{ . 1‘:;
s | il convolution / R
i - ; I ok .1pe ] scint. eXp R
g H . = B au W m W e W

C.L.Kim Procs of Sci. 2009 010 (PDO09)

convolution



Caveat: Signal shape & timing — scintillators

%

slow

FBK devices type:

0 000 O

Active area: 4:{41111113;
Cell s1ze: 6‘?}:57’”1]12;
Fill factor: 60%;
Co+Cp: about 1801F;
Rg: 1.1M;

Dark noise rate:

~100MHz at DV> 4V

C.Piemonte et al IEEE TNS (2011)

Normalized amplitude (a.u.)

1
0.9
0.8
0.7

0.6 -

0.5
0.4
0.3
0.2
0.1

0

i '/\/’4 Enhancing C and R does

CIR
-~ peak height ratio —-~ N LT
C Ctot Rload

improve t|m|ng performances

Fig. 2. Test set-up consists of two similar gamma ray detectors (LY S0 crystal

—_—3V - SiPM 1
—7V-5iPM 1

- = simulation

0.E+00 1.E-07 2.E-07 3.E-07 4.E-07 5.E-07

Time (s)

+ SiPM) in coincidence. A Na source (disc in the middle) was used to
generate two opposite 51 1keV photons in coincidence.

¢ Signal rise-time < 5ns

e CRT ~320ps (*) FWHM triggering at 5% height
Both are much better than for different
structures with high C_ and/orlower Cq, Rq

(rise time up to several x 10ns, CRT > 400ps)

(*) ~40% from light propagation in crystals



Electronics



Front-end electronics: general comments

e Strong push for high speed front-end > GHz
— Essential for timing measurements

— Several configurations to get GBW > 10 GHz

— Optimum use of SiGe bipolar transiistors

e Voltage sensitive front-end

— Easiest : 50Q termination, many commercial amplifiers (MiniCircuits ...)
— Beware of power dissipation

— Easy multi-gain (time and charge)

e Current sensitive front-end
— Potentially lower noise, lower input impedance
- Largest GBW product

e In all cases: importance of reducing stray inductance

e Trend for RO/digitization: ADC/TDC - waveform sampling



Front-end electronics: different approaches

(ASIC integration perspective)

Vhbias
C:

SiPM

.""FDLIT

Charge sensitive amplifier

The charge Q delivered by
the detector is collected on
Ce

If the maximum AV, is 3V

and Q is 50pC (about 300
SIPM microcells), C. must be

16.7pF
|

Perspective limitations in
dynamic range and die area
with low voltage, deep
submicron technologies

Vbias

SiPM l

Ry 2 Vo

Voltage amplifier

A |-V conversion is realized
by means of R,

The value of R, affects the
signal waveform

V,,; must be integrated to

extract the charge
information: thus a further V-
conversion is needed

Vbias
sipMm T
2 3|1 [ Ktor
Current buffer

R is the (small) input
impedance of the current buffer

The output current can be easily
replicated (by means of current
mirrors) and further processed
(e.g. integrated)

The circuit is inherently fast

The current mode of operation
enhances the dynamic range,
since it does not suffer from
voltage limitations due to deep
submicron implementation



ASICs for SiPM signal readout (QDC/TDC)

W.Kucewicz “Review of ASIC developments for SiPM signal readout” - talk at CERN 11-2-2011

, : L Input
Chip Name Measured quantity | Application cnnfigsr‘aﬁan Technology
ILC Analog
FLC_SiPM Pulse charge HCAL Current input | CMOS 0,8 tm
ATLAS
MARQC Pulse charge, trigger | luminometer | Current input | SiGe 0,35 ym
Pulse charge, trigger,
SPIROC time ILCHCAL | Currentinput | SiGe 0,35 im
Differential
NINO Trigger, pulse width | ALICE TOF input CMOS 0,25 pm
Pulse charge, Dif ferential
PETA trigger,time PET input CMOS 0,18 ym
BASIC Pulse height, trigger PET Current input |CMOS 0,35 ym
SPIDER Pulse height, trigger,
(VATA64-HDR16) time SPIDER RICH| Current input
RAPSODI Pulse height, trigger | SNOOPER | Current input |CMOS 0,35 im




ASICs for SiPM signal readout (QDC/TDC)

W.Kucewicz - CERN 11-2-2011

1

:

3

Chip Name chﬁn::Is Etlrg:ﬂ :3;‘1:’ [s;r?:m] D::::;c I‘Egi';ﬁz;ce ::E:E Year
FLC_SiPM 18 n | 5V (0,2W) 10 - 2004
MARQC2 64 y 5V 16 80pC | 500 2006
SPIROC 36 y 5V 32 2007
NINO 8 n (0,24W) 8 |2000pe| 20 |260ps| 2004
PETA 40 y (12W) 25 8 bit 50 ps | 2008
BASIC 32 y 33V 7 70pC | 17 |~120ps| 2009
SPIDER
(VATA64-HDR16)Y 64 n 15 12 pC 2009
RAPSODI 2 y [B3V(O02W) 9 100pC | 200 - 2008

- Only a few of the suitable for low light intensity




SPIDER

Chip VATA64-HDR16 was developed for SiPM applied in Ring Imaging

Cherenkov Detector of SPIDER (Space Particle IDentifiER) Experiment
M.G. Bagliesi et al. “"A custom front-end ASIC for the readout and timing of 64 SiPM”
Nuclear Physics B (Proc. Suppl.) 215 (2011) 344

[EskaEdEsRSEREEEpERUREREEERAuEERE
[su | i ey
— Time te Thme :
A Analag deagiateltisiitiaiel AR ¢
" Comverter i e b
1 Trigges i et :j: ! ::::_
@—j>
— : _f an
| peakhold | | S i
. _ l IJ o i
DAC _+| rHMH A hmﬂmmnﬁhmmﬂﬁmn
| L// p J_ I___.-'"’ : I
E clow alape I

100 ns _Wins

|'-.
THNRNEARORNRARGRERRARNRASAARRERAN.

Signal from preamplifier is split in two branches with fast and slow shaper
Branch with fast shaper measures time and other one measures charge

- The DAC on the input of preamplifier allows to moderate the bias voltage

- Signal from preamplifier is shaped by fast (50ns) and slow (100-200ns) shapers.

- Discriminator compared the signal from the output of fast shaper and generate the
trigger pulse, which start time counter with 40ps resolution

- Signal from slow shaper is sent to peak&hold detector which measure the pulse height



BASIC

BASIC is a 32 channel SiPM readout chip for simultaneous time and
energy measurement, made in 0,35 uym CMOS AMS technology (2009).
F.Corsi et al "BASIC: a Front-end ASIC for SiPM Detectors” 2009 IEEE NSS Conf Rec

Vdd

Current
discriminator

ARy ﬁ'[

SiPM
f Current /J,f" Ci(a:a,)
buffer ) :M{ Ry (2430} Voltage

Veias buffer Vaise

) VOUT
+
Baseline |
holder Vbl
I :]:

"'h_L

Each front-end channel consists of a current buffer as input, reading on a very low
impedance input node the current signal delivered by the detector

The input current buffer is a common gate stage. Feedback applied to increase bandwidth
and decrease input resistance. Possible fine tuning SiPM bias by varying Vref. The output of
current buffer can be easy replicated by multi-branch current mirrors.

The current mirror at the input allows the splitting of the signal in two branches: one is
used to send the output current to a current discriminator, which extracts the trigger signal
associated to the timing of the event, while the other is sent to an integrator in order to
obtain a voltage proportional to the charge



Radiation damage



Radiation damage: two types

 Bulk damage due to Non Ionizing Energy Loss (NIEL) —~ neutrons, protons

 Surface damage due to Ionizing Energy Loss (IEL) — yrays
(accumulation of charge in the oxide (Si02) and the Si/SiO2 interface)

Assumption: damage scales linearly with the amount of
Non Ionizing Energy Loss (NIEL hypothesis)

G.Lindstrom et al. NIM A426(1999)1-15

107,
103 S protons 53.3 MeV
5 1°, reactor neutrons v oo (Matsumura)
i1t (T.Matsumura-PD07 ~,
= 10 )\ . .~ 1_— protons 200MeV
S 10 = (Danilov-VCI07)
S 107
= 1072
= 1031 electrons ] protons 400MeV
1043 60Co y-ray (Musienko - NDIPO8)
: (Matsumura) e+ 28 GeV
1(5010109108107106105 107107 102 10T 10 ot 102 107 1ot (Musienko)
particle energy [MeV]
Examples of radiation tolerances for HEP and space physics Expectations:
ATLAS inner detector ... 3x10* hadrons/cm?2/10 year protons / y-ray ~ 100
~ 10* hadrons/mm?/s protons / neutrons ~ 2~10

General satellites ... ~ 10 Gy/year



Radiation damage: effects on SiPM

1) Increase of dark count rate due to introduction of generation centers

Increase (AR,.) of the dark rate:

ARy~ (a/q,)

where a ~ 3 x 10°Y7 A/cm is a typical value

CDeq VOleff I:)01

of the radiation damage parameter for

low E hadrons and Vol

~ Area X €

SiPM

geom epi

NOTE:

The effect is the same as in normal junctions:

¢ independent of the substrate type

e dependent on particle type and energy (NIEL)

x W e proportional to fluence

2) Increase of after-pulse rate due to introduction of trapping centers
- loss of single cell resolution - no photon counting capability

3) change of breakdown voltage and trigger probability vs Voltage

Indications from early
measurements:

1) no dependence on the device
similar effects found for SiPM from
MePHY (Danilov) and

HPK (Matsumura)

(normaliz. to active volume)

2) no dependence on dose-rate
HPK (Matsumura)

l,UA | < .
2 iPM
10 MePHY
() \
SIPM A . T
10 ¢ HPko
O.
O O 130 Gy/h
1 ‘E 016 Gy/h
3 a3l 2| 1
10 10

proton flux x108/ mm?

3) n similar damage than p

4) p x10*-10% more damage thany



Radiation damage: neutrons (0.1 -1 MeV)
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Radiation damage: recent devices

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

L
L] &

100
® 50 mkm
425 mkm
+ 20 mkm
< =15 mkm
=
5
£ 10
Q
=
[
(]
1
1E+10

- No change of V_, (within 50mV accuracy)
- No change of R, (within 5% accuracy)

L J
o’
.. A
. i
4
.
& ‘.
& -
* [ |
* ..
n
* n
"
|
1E+12

Neutron flux [n/em?]

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

12
1 L AL
. ¥ xaagg
0.8 " Tt e
* % fw
0.6 * x
» NOL SiPM, 0.25 mm*2, 2500 cells | *
04 « MPPC, 1 mm*2, 4439 cells 1 .,
u MPPC, 1 mmn*2, 2500 cells *
= MPPC, 1 mm*2, 1600 cells ¢
0.2 | 4 MPPC. 1 mm*2, 400 calls e
0
1E+10 1E+11 1E+12

Neutron flux [nicm?]

Y.Musienko at SiPM workshop CERN 2011

- I, and DCR significantly increase

Effects reduced by

SiPMs with high cell density and
fast recovery time can operate
up to 3*102n/cm?(6G < 25%)

- small cells - smaller gain - small charge flow & trapping
- thin O(1um) epi-layer... but effective thickness O(10um)

1E+13
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Amplitude [a.w.]
& 2

0. €00
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SiPM irradiated up to 2.2*10" n/cm?

Can SiPM survive very high neutron fluences expected at high luminosity LHC? FBK SiPM (1 mm?, 12 um
cell pitch was irradiated with 62 MeV protons up to 2.2*10* n /em? (1 MeV equivalent).
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7.5€-09 2

0 045 0% 135 1.8
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# LIET4niem™2
& Bl nficm® i g @ L

(A.Heering et al., NIM A824 (2016) 111)

{E«0) . :
— & 2XE14niem 2 |
- & EF1infom®2 |
=™
2 1E«0] p—ryy .
2 e
A -
E 1E+D1 s
o
E. ™ : . . 3 ¥ L]

1«00

f 0.4% 0.9 1.5 i.8
v-VB [V]
Yu. Musienko, RICH-2016

We found:

- Increase of VB: ~0.5 V
- Drop of the amplitude (~2 times)
- Reduction of PDE (from 10% to 7.5 %)

- Increase of the current (up to ~1maA at
dvB=1.5V

- ENC(50 ns gate, dVB=1.5V)“80 &, rms
The main result is that SiPM survived this
dose of irradiation and can be used as
photon detector!



d-SiPM irradiated

(M.Barnyakov et al., Elba-2015)
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With the dose accumulation the number of noisy cells increases rather than DCR
of each cell. = Cell damage caused by single interaction of p™ with Si lattice.
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Applications

- low light intensity
- fast timing
- large area (low T)



Low Light Intensity - Cherenkov

A Digital FDIRC Prototype for Isotopic . . o marrocche:
Identification in Astroparticle Physics  etal RICH 2016

DIRC |
(Detection of Internally Reflected Cherenkov light! | |

+ Radiator bar + wall of PMTs - —_-‘l-f"':
+ Pinhole effect

* /K separation

Arwy phe
{43 mmellles

Particle ﬁ
_'__.,-'—"'_ - !

* BaBar, Belle, PANDA ... iﬂT Clase Packed PMT Array
' HEP-EX-9504001

' Quartz Bar 3
FDIRC T T R R T T .............-. PR ,. T .
(Focusing DIRC) Pixelated .
: photo

. qujamr bqr + Focusing ‘“"“““f * 64SiPMs x 16 modules (1024 SiPMs)
gg:ggll; Pixelated photo Particle * Developed at FBK Trento
_ o _ Cherenkov » Uniform V,, and gain spread for 16
* [sotopic separation in cosmic | INAANAY light arrays of SiPMs
-1ays + DCR (<100kHz/mm>)

» PDE -~ 35% @ 420nm, (OV 4.4V)



Low Light Intensity - Digital FDIRC s wmarocches

et al RICH 2016

_}Z’ [T __ ll « 16 custom ASIC VaTa64HDR16 chips for each array of SiPMs
It Dizcrimiraic
. j i) * 16 bits ADC
B> > \ T its
=ast” Shapar * 16 chips x 64 channels supply 1024 digitized signals with 1024
r. 24 4 P PpPly g g
- ke time stamps
Prilpitte + Low power and large dynamic range
* Auto-trigger + 2 external triggers

M.G. Bagliesi et al., Nucl.Phys.B (Proc.Suppl.) 215:324—348, 2011
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Low Light Intensity - Digital FDIRC

Background Region
(Region with same area as

SiPM Arrays

-,
o ’ "
- | I
R - I_l
E E = — IR

JE Suh,
PS Marrocchesi
et al RICH 2016

« BG : Diffused
Cherenkov light

(proportional to Z2)

BG = I II,] ped

. Dark Count .,1
(due to SiPM DCR) }uﬂ
Very small 1

\” 2nd

il
+ Signal :
Cherenkov light

L*Uh'l'%\;@,.



Low Light Intensity - Digital FDIRC

G.Collazuol - SNRI 2016

Np.e. vs Z2, 1bar,Th = 0.5 p.e.

JE Suh,
PS Marrocchesi
et al RICH 2016
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Low Light Intensity - Digital FDIRC
TestBeam2015

MC simulation

2 il = 221 24

At , Froks 05308
i Irlil- vl TS + ia
ﬂ:' 1 Fluar 44 203
sof- || I. g BN -|1..'-ﬁl. .
] I,
! |

: |
» |

g P\
I
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Bp AED fO0 s3I0 (40 JED THo B a2 Bed

TR

JE Suh,
PS Marrocchesi
et al RICH 2016

* Non-interacting
events are
selected

|7/ ol 04224 16 P

Bk -5 L
* Ar events

Gonstert 9343 £ 413

QTag:

Kaen 41208
Hyra HAG £ 0

« Instrumented area
(4.3 x 2.7 cm?) x 3

by stitching (bit
overlapped)
* Hyvperbolic fit
= Magnification factor ~2



Timing applications: fast counter MEG-II

Uchiyama et al VCI 2016

Series connection of SiPMs

® SiPMs have high capacitance
B Terminal capacitance -300 pF for 3 % 3 mm? SiPM

® This forms a slow RC time-constant
with amplifier input impedance
W 3% 3 mm?: 300pF ¥ 500 =15ns
W 3%9mm?: 900pF X 500 =45ns !
= (Cne of limitations for large area SiPMs
or array of SiPMs with parallel connection

® This large capacitance works as

capacitive coupling when connected in series

fired cells

Bias voltage is
divided to have
common

leakage current I

Automatically
equalizes the
over-yoltages

Fabruary 15, 2015
YLELKE LCHIFAMA

G.Collazuc

L
L ¢
) 3

C
4 j?he other cells

C
C

§ ﬁshunt

+ ray cyacit&nc\a’

SPICE simulation
|
P
-
Al |I
Single cal |/ 7M™ MR
A —single
— 3 weries
03 — 3 parallel
1 1 =1,
L1} (8] %3
Lis)
Measu

1
AX¥InF| 150 | 100nF 100nF|  ZEpF | 100N 10mnF
50 10k
MAR-GSM _"’i_ MAR-GSM 108

rement with 3 MPPCs |

- Parallel

2 3
OverVoltage(V)

1% gen. prototype

SiPM chain

IT attenuator

By U. Greuter & A. Stoykov (PS])

120 12k +1J : +1g‘u";

L L
mi"mrﬂ’ TwF ;-IEIIIIFF - 10¢aF

FTT]
TOCH-80+ 10k

-2k
Pole-zero cancallation

Input impedance: 5002
Gain: 970 V/A
Bandwidth: 800 MHz

2" gen. prototype

3 gen. prototype = Final design

120 % 50 X 5 mm?, 6 SiPMs at each end



Timing applications: fast counter MEG-II
Uchiyama et al VCI 2016
HPK (510352-33-0500) Sensl (MicroFB-30050-SMT

o i T i | 4ot
£ " —R- MO |
“ i | I_r- q | “-
18 I'"_ | e 1-_ !
] L e e T #_”“——...
o ase|—(h) || 300—b) |I
L™ 148 I -
104 l-—risai]-ﬁﬁ-nsl W —="150ns .
= [\ 1 l- - — - m- | .lm'ﬁ""“'“ e e N
[ ] =80 . . I'l' . ] =
] 50 i) i ) im 0 ] i 15 M 8 S0 100 158 ]
Tims (us) Time (ms) Thme (m)
® Pulse shape depends on /7, & (,
O C _is important for the fast signa i
b . A i
slow tail by larger /. can be omitted &4 e mther cells
with pole-zero cancellation fired cells = stray Capacitance
® Sensl’s fast output terminal can be used to o
make very fast rise time , | |
A method to combine the fast L | !
output into the normal signal line | T 1
ey 1, 2018 (by N. Paviov) — e
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Timing applications: fast counter MEG-ITI

Uchiyama et al VCI 2016

Final Design
12-¢c

G siPs in series at the both ends
H»C“ ransiD 3:3 me, 50x50 pm? pixels
‘:"EE--::.-.n |J.-|-'_-"-'-|:‘| . Hr.:.

WD G 10 W

i BC422 90x40x5 mm?
L [[—=—8uie ' a
_'E 0 T L{':::II-:WI"I-FHJ:IH
= Hl.l;— —k— 5-Serits } E
. _ £ 44 4 /o8
7 s, Sl .. . > - ?“_:_ . .1:,- "uE;.r"- ':}'r e
Fast Plastic Scintillator | S Bl :
BC422 Resolution ““_:---2-"‘-*'-53--,--_--_:-;-_-,.-'5-?---—:
i o ECET Rl . N . & - F W A
MEAPECILE s HPK %3 > AdvanSiD X 6 sf--eta TRy I
Optical Fiber Cost e 3-Series
i st HPK X 3 = AdvanSiD X6 sty ey

calibration with laser Over voltage/SIPM (V)

=-sm  \Ne decided to employ AdvanSiD SiPM

YLSLKE LICHT AR



Timing application
\

P

4

=
-

s: fast counter MEG-IT

1 1 "\ v ‘Tyza et al VCI 2016
\e 4

summary

® SiPM-based scintillation counters can provide <30 ps time resolution
O Intrinsic resolution of g=15 ps/y/£/(1 MeV) is achievable with a single small
counter
O More importantly, SiPM application allows flexible design of your detectors

O = Multiple measurements of a particle time, improving closely as 1/ ,‘m

1 ® R&D for the MEG-II Timing Counter was completed

O 30-ps resolution was demonstrated

O Tested first ¥4 detector in 2015



Large Area

Low temperature large volume
cryogenic experiments

based on noble liquid scintillation
-~ are adopting SiPM



Single photon spectrum Test for DarkSide

with a 10cm? tile at 80K experiment (LAr)

LAr scintillation (128nm) light WLShifted to 400nm
readout on 15m? of surface (with SPE sensitivity)

All channels connected together on one front-end.  A.Gola et al
Tile illuminated with laser. Integration time = 6us. IEEE NSS 2015

S0 Measurement carried out by
Razeto (LNGS) and Korga (Houston) @ LNGS
bl

Single-photon spectrum visible!!
- low noise
- very uniform behavior of the SIPMsll



Large Area readout electronics - eg for nEXO
+ LXe scintillation (178nm) light readout on 4 m? of surface
(with SPE sensitivity and extremely low background)

« Done by using photosensitive readout made of SiPM
(dictated by radiopurity issues)

— Low bias voltage Preliminary analysis by
— High charge amplification L.Fabris, G.De Geronimo, S.Li,
— SPE-Capable V.Radeka, and G.Visser, L.Yang

— High capacitance
— High dark count rate (DCR)

(1 cm? per device)

Parallel connection: Ak k.
-Requires fewer number of external parts, but raige1o nigeto
—Capacitance increases by N: potential for T i a |
more electronics noise and lower SNR B it S
= H:E ! a K |

Series connection e -
—Requires higher bias voltage e | =1l

—Reduces capacitance by 1/N: potential for A
nelg=13 - =% neigr=13

less electronics noise and better SNR K. ' .



Large Area readout electronics - eg for nEXO

Preliminary analysis by

For finite input Z in the preamp, the current signal is L.Fabris, G.De Geronimo, S.Li,
LOWER in the parallel connection V.Radeka, and G.Visser, L.Yang
" I I I I p:r:llcﬁ
fast/slow peak
°| height ratio - From deterministic point of view (no noise)
. C;Rq | the parallel connection for small input Z (up
| Cc,C, R, to ohm) supplies the most charge , while

the series is better at larger Z (tens of ohm)
... Limit is the total DCR

RZ2 current, ul

But readouts have noise (depends on C)

. v \ Large areas - low signal (photon-starved)
Reading high-C detector w/ small C

0 : . . . . . . front-end - high noise situation

Q b 0 ol B 100 120 140 160

time, ns

Can only cluster
together a limited area



Large Area readout electronics - eg for nEXO

Preliminary analysis by L.Fabris, S.Li,
G.De Geronimo, V.Radeka, and

Example G.Visser, L.Yang

(thanks to: V. Radeka, G. De Geronimo, S. Li; ENL)

Energy threshold 1 photo-electron (Q,,, = ~100 fC)
ENCgoa < ~Qpyp/10

If we set a global limit for power, the ENC for a given C; is:

22
E?'I{"D

L

L

L]

enci =

L

If we have N devices (total area A,y = N X A):

L

, | _ A, |
ENCZ,, = ENCZ + ENC% 4 ... = N - ENC? = tT““Em:E

L]

We want ENCi,,<ENCg,, hence:

2
ENC;;rJuI . @nin t,r:

ence m,.;.;.:gg ... to be continued

Atu!‘uf =

Considering both the ENC limitation and a dynamic range of 10pe/cm?2
-~ maximum clustering for a total SiPM area ~10cm?



Large Area readout electronics - eg for nEXO

Preliminary analysis by L.Fabris, S.Li,
G.De Geronimo, V.Radeka, and

» Low-input impedance seems to be the best choice G.Visser, L.Yang
for front-end ~500UA .

A By,

/ \ 24 # Actual power =4mW
E] = RiD ]
Current % 0. %’ ?}E{ % 0 o 0
mirror .
. . | gain can be
qrarir L g runbarr , - €— IMplemented in
| ' CMOS
L
//_,_,-? Very low C
'he input £ is independent /.4_|; i
of the impedance load | =
~430UA
0
Su per | |ZHI'E-|!| EI]I'. Corsl,F.; Foresia, M., Marmmocoa, © Matamese, &) Del Guema, A, "Curment-mods fronk-end
elesironlcs Tor slllcon phobo-muldpler deteciors,
" Adw i Sey g infemace, 2007, WA S 2007. 2nd Infematanal Work sh ol no., pp.1.5,
common base Eﬁz?aic::znnievnmman m ce, niamatfons op an , vol, no., pp.1.6
- el

| +2 (OIAK RIDGE



Other types of SiPM - SiC

@, Quantum efficiency spectra

Packaged SIC SSPM

Active aren: 4xd mme
Pixel size: 60 um
16 sub arrays
Areq of sub-array:
1%1 mmé

Advantage of SiC: it has

larger bandgap than Si (3.26eV)
- Lower leakeage current

-~ higher operating T

\EWG ~ Higher sensitivity to UV

=
[ |

<
\
=
g

T — e Y L - — R
-
o
—
.-""H---

Quanturn eficencsy. o

Dark current vs. femperature

40 6D WD W0 VI MO D D 3
10
Wavalength, nm

Single Photoelectron spectrum recorded

- 200°C

Bras, ¥

e for SIC-PM with 256 pixels {1 mm?)
A i - . : = r : .
Photodetection efficiency and dark 94107 | o phe
count rate os functions of voltage bias < i? m, f‘ it
T4 x | ik
{ 1phe.
] - E 1[|-T1 g = L f 1 I
‘ : - & : E
¥ -'"'-' M "] 1
it L) 5 4 ¥
® : pd2 1§ 10"
: 4 . 1|:|.": T 1 | PR NNT) Y R IR
255 260 26 200 205 260 P O A |
Biag v Cutput charge, a.u.
T @0 @ @0 @



Other types of SIPM - GaAs

. ; o . GaAs-SSPM-1-1, 1cl.7 mmd, 1.1, T=22.0C
LightSpin Photomultiplier Chip™ ; i
maE e e bEe e = =]
e 5 & Capin, 1§
g 1 1 l H
E 1.5 . it "
5 Ir g | 17 |
1 + I
0% & +
a
L R 54 .5 L 55.5 5E
W-vE V]

GaAs-55PM-1-1, 1x1.7 mm?, T=22.0 L
b1l

Gafs-55PM-1-1, 1x1.7 mm®, T=22.0C ! & Netali, B J[ i
45
4 ; E° +Jr
= 55 * Ndari-2, MHz . + = # FOE|515qm] % 4 i il -’rJr
: » f = i :
= K E 3 ’r Ht : 1
B m M ] : i 1 i y
= 15 +++ ﬁ 3 i y 515 M M5 3 53 3
a 1: ! 2 14 B[]
i - * o |:l L 3
EI5-3.5. 54 S5 55 555 5 =3 W Ws B B B 15 oottt e i
Bias [V] i 14 at
12 ety
= 1D o
Wide bandgap (142 eV). potentially can be more 8 : L LT
radiation hard than silicon. Timing with GaAs SSPM can 4 St il
be also better (high mobility of electrons and holes, fast 2
- ) W}
avalanche development — direct semiconductor) 400 200 800 700 800

Wavelength [nm]



Other types of SiPM - Position sensitive - RMD

RMD designed a 5x5 mm: position-sensitive solid-state photomultiplier (PS-SiPM) using a CMOS w/ imaging
capability on the micro-pixel level - 11,664 micro-pixels (pitch of 44.3 mm)

Ampdiude (normalized)
1 1 1 1

Resistive Network -
- Anger logic ey
!
| A+8) = (C+1) z
 A+BHC+D 2 ‘
: (A4 D) - (C4B) et s,
4= - Ity iphobonpaies)
A+B+C+D

A plot of the X=Y spatial resolution
{(FWHM) as a function of the incident
beam spot light intensity. Spot size
was ~30 micron.

High capacitance and high resistance create

a RC low-pass filter that results in undesirable
signal properties that include: low amplitude,
slow rise time, noisy signals, and a pulse shape
that varies with position across the device

— P5-55PM @& OC
—PMT

500 1000 1300 20000

Tima {nannsacnns| An image of a 66 LYSO array having 0.5 Mc Clish et al IEEE Trans Nucl Sci
mm pixels uniformly irradiated with ZZNa. 61(3) 2014 1074-1083




Other types of SiPM - Position sensitive - FBK

« Current of the 4 cathode

* linearly graded

sighals changes linearly : 0000000000 OOOGOS
- it i 00000000COCOCOOIOOTS
W|_th position of the fired R T
microcell o000 0OOOOOOOOOS ; o -
" 000000000000000 R o ———
* Position 0000000000000 0o N Rl Re Fal |Re
Cro s ||FHEEEERH - iRk
X = Y = 000000000000 0COCS F
L+ R T+B 000000000000000 B B
000000000000000 Z .5 L : ! |
« Ener I v v
9y = 'y B Ry Ry)
_ 2 | I |
E=L+R+T+B - 0000000000009 00 r:wr:“lE | RqH L REI |
Concept of LG-SiPM. ‘l ; ! A [ [— [
I'L‘;."q L |t I |t | R, -
| I&)_ [ R1|_r| [ R—vl OV L
| S LI
. . z | RE I RE I
« Each microcell is connected to two i | e [ I
: . i : | |
identical quenching resistors that S 0 e T
. . . | - | — 4
split the signal into equal parts, | 'S | 'S | Vioas
one to encode x the other to Schematic of the 2D position
encode Y. encoding method

« By changing the conductance of

the two resistors of each current * The parallel conductance of the
divider, the difference between the two resistors is kept constant for
currents flowingin L and R (or T each column (row).

and B) changes linearly according

to the column (or row) index. + The capacitors preserve the fast

rising edge of the microcell signal.

C. Piemonte, S.R. Cherry et al IEEE MIC 2015



Other types of SiPM - Position sensitive - FBK
+ Advantage of PS-SiPM [

— Resolution down to the microcell level.

Only 5 output signals (4 for position information and 1 for timing information).

« Tiled multiple LG-SiPMs to form a larger area

2x 2 ammay of 7.75 x 7.75 mm¥ LG-SiPMs, total size of 15.55 x 15.55 mm?.
Active area of each LG-SIPM: 7.6 x 7.6 mme.

RGB-HD Microcell pitch: 20 pm.
PDE: 30% at 350V
~0.15 mm gap between LG-SIPMs active area.

C. Piemonte, S.R. Cherry
et al IEEE MIC 2015

e ol  rie[el e
: el e
h g
@5l z : BEl@
T3 14
¢ A3 A4 ¢
@ L
@53 i@
@ L3 Rig|@Ll4 Fie




Other types of SiPM - Position sensitive - FBK

Flood Histogram
« LYSO array

30 x 30 array LYSO =BETasalRat1s. SATREi R
0.445 x 0.445 x 20 mm? B R PR FRT SR ~10°Cmp 0°C
Polished, Toray reflector T
0.5 mm pitch
#microcells below each
needle (625)
« Packing fraction b 10°C = 4 20°C
» Crystal to SiPM size: 91 %
C. Plemonte’ S'R. Cherry et aI IEEE MIC 2015 250-650 keVenergywindcl)avlra\i;s(.ﬂzt::)%?i:e?istf;ach crystal to select events
« DOl resolution measured at an bias voltage of 35.0 V. L
+ Reference detector consists of a Hamamatsu PMT R12844- 6 4.0 mm 4.3 mm ]
10and a 0.5 x 20 x 20 mm3 LYSO slab. E 3gmm  3.9mm
» DOl data was obtained at five depths - o
— 2mm, 6 mm, 10 mm, 14 mm and 18 mm. -% IS I e
°
0.5x 20 x 20 mm? LG-SiPM array 1 —9» g 3r
LYSO slab 23 0O
¢ LYSO array—9» 0O ol
< — »< — » 1t i r r i r r i

Translation table LG-SiPM array 2 —

-10 b 0 5 10 15 20
Temperature (UC]




Other types of SiPM - Position sensitive - FBK

Linearly-Graded SiPM (LG-SiPM) arrays are an attractive
option for high resolution PET:

« LYSO crystals with pitch size of 0.5 mm were resolved
using a multiplexed readout method.

« |t may be possible to resolve smaller crystals.
« Energy resolution: ~ 22%.
« DOl resolution: 3.8 mm @ —-10 °C and 4.3 mm @ 20 °C.

« Global timing resolution: ~ 930 ps.

C. Piemonte, S.R. Cherry
et al IEEE MIC 2015

Future Work:
« Develop a four-side tileable detector module.

« NUV-HD version of the LG-SIPM



Thanks for your
attention

... and thanks for lots of interesting discussions and
courtesy material to C.Piemonte, A.Gola, G.Paternoster,
F.Acerbi, T.Frach, Y.Musienko, V.Puill, N.Dinu,
A.Nagaii, R.Mirzoyan, A.Para

and many more colleagues
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