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_r Introduction: building block of a SiIPM - GM-APD

E 4 Diode reverse-biased above V___ ...
electric field A.Spinelli Ph.D thesis (1996)
in the reversed 8r
bias diode 8 - Photon @ center of the cell No quenching:
- “|steady current
? -
* t=0: carrier initiates the avalanche -
| - E B
T\b—) E E o
blas E + -E i
n_, P 4
——= & |
depletion region = = I ol
» O<t<t,: avalanche spreading 2 - -
! 1 L&
_~TTNO> Very _short/l__,I . : , : . , . , ,
é rise time o T o 4 B B 1D

t, Tempa [ns]
— o t <t: self-sustaining current
S (limited by series R) Avalanche processes in Si: studied
= since +50ys and widely exploited...
= Viias ... hot understood in the very detail
-
I
2 —
< To detect another photon need a
~ ’\VD quenching mechanism. Two solutions:
% * large resistance: passive quenching
8 —l— * analog circuit: active quenching




_r Reference - SIPM diode FBK

. _ | Dead region
Shallow-Junction fé fé ;_5 I
—-—2Ium 2,um

Shallow n* layer i

L |
(0.1 pm) | I .
rench 1coverec
_ ith 1
Fully depleted region with Imetal
(4 pm) I
T[epitaxial \ |
-
Substrate Active volume

low resistivity contact
(500 pm)

no micro-plasma's !
(lower V,due to
oxide precipitates)
high quality epitaxial

Critical region:

3 — . : * Virtual guard ring to prevent
§ Optlmlzathn fOF the b|Ue ||ght (420nm) edge_breakdown

= *n*on p abrupt junction structure (n* layer extends

™ ¢ Anti-reflective coating (ARC) optimized for A~420nm beyond p layer on m)

— e Very thin (100nm) n* layer: “low” doping n* layer * Leakage current

5 ~ minimize Auger and SHR recombination * Surface charges

0 * Thin high-field region: “high” doping p layer (limited by tunneling breakdown)

5 - fixes V,, junction well below V _  at edge

-] s

Ry « R, by doped polysilicon

o * Trenches for optical insulation (low cross-talk) .

8 « Fill factor: 20% - 80% C.Piemonte NIM A 568 (2006) 224
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_r Operation principle of a GM-APD

Haitz JAP 35 (1964)

APD  GM-APD

F16. 3. Shape of current pulse for 6;<r: (Zo}.

OFF condition: avalanche quenched, switch open,
capacitance charged until no current flowing
from V., to Vy,s With time constant R xC, = Tq,.,cning (— recovery time)

Py, = turn-on probability e P,, = turn-off probability

probability that a probability that the
carrier traversing the number of carriers
high-field region triggers traversing the high-field
the avalanche region fluctuates to 0

ON condition: avalanche triggered, switch closed
C, discharges to Vg, with a time constant R xC,= Ty rger

at the same time the external current asymptotic grows to (V,_.-V,)/(R,+R,)

449

bias
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_r Signal shape, Gaing\nd Recovery time

Fast Capacitor (cell) discharge and slow recharge (roughly speaking)

If R, is high enough the internal current decreases at a level such that
statistical fluctuations quench the avalanche: need i, ~ AV/(R,+R,) ~10uA

latch

With usual qualues turn-off time is very short O(1ns) “Overvoltage”

AV = (Vbias_VBrea kdown)
i

Falling time (recovery)
< Tq = chd

/,exp(-t/Tq)

99% recovery time; 51,

1-exp(-t/ty)
e~

v

RECOVG ry tl me: increases at low T due to ponsiIico
' whil independent of T

also rise time expected to be T dependent (siIicos T)

Gain~C AV - independent of T
at fixed Over-Voltage (AV)

G.Collazuol - LIGHT11 3/11/2011
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SIPM equivalent circuit (detailed model)

slow
Single cell model - (R ||C)+(R_||C,) _h,fas_t___ ___________ N

. 1 1 i
SiPM + load - ([|Z )IIC,q + Zpus | » sl
. : : : Rq § o : : :
Signal = slow pulse (T (ise) To-siow (rany) + ! | :N—l (N-1)C, | ! |
+ faSt pUISe (Td (rise),Tq—fast (fall)) : I : : ::: :
I : : J'_ I : Cq
| | |
*Tq (ise) ~“Rq(C+Cy) : i : (N-1)Cq ' :
*Totast (fal) = Rioag Cioe  (FASE; parasitic spike): | | o L :
.Tq_s|ow (faII)= Rq (Cq+Cd) (SIOW, Ce” recovery)l ________ = ---': I---- ----------- I I-———I
Fi_ring Ot_her Pg;aris;:tic

F.Corsi, et al. NIM A572 (2007) microcell microcells capacitance

Cq - fast current supply path in the beginning of avalanche

max v Sp.Charge R x Cd,q; further filtered by
e Rise: Exponential parasitic inductance, stray C, ... (Low Pass)
Pulse shape P .
* Fall: Sum of 2 exponentials

C,= 10fF —t —¢
Cd =C V ( t ) ~ Q ( Cq Trasr + Rload Cd TSLOW)
Cq=1g)pF _C +C C © R C +C ©

(11 g q d fot q q d
R= 400kQ
R,= 50Q

- on C, '‘prompt' charge Q.= Q C /(C +C,)
- peakatV__ ~Q.__/C, . .is independent of R __

X d
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Pulse shape: dependence on Temperature

G.Collazuol - LIGHT11 3/11/2011

slow
Single cell model - (R ||C, )+(R JIC,) R _h,fals_t___ ___________ I
SiPM + load - (”Zcell)llcgrld Ioad : : I : : 1 :
! 1R _ b
. : q -
Slgnal = slow DUIse (Td (rise),Tq-sIow (fall)) + : : : N-lg (N 1)Cq : : :
+ fast pUISe (Td (rise),Tq-fast (fall)) : I : : ::: :
i 3 T HE
|
°Ty (rlse)NR (C +Cd) : : : (N-I)Cd : : :
Tq fast (fall) — RIoad Ctot (faSt; paraSitiC Splke} IAV : E : . T : : :
*Tosom (aly = Rq(Cq+Cq)  (slow; cell recovery)-=------- gk B EEEE b E bttt oo
Firing Other P?I’a-SI!I,IC
microcell microcells cap:’criltc;nce
N1 Mg rror e e i Pulse shape:
" {F" 300K e I—;:v A T N R The two current components show
; } ¢ 200K different behavior with Temperature
1. p’ i
b ; sode o 111 ; 40ns : — fast component is independent of T
—_ Lusaon) ! #J; because stray C, couples to external R,

H.Otono, et al. PDO7 | o e

@ 20.0mve : MID ons A Ch1 \-77.6n W

39, zouu j : 7/49



_r Overview - SIPM properties at low T

Complete characterization of FBK SIPM in the temperature range 50K<T<320K

1) junction characteristics: forward and reverse (breakdown)
2) gain, dark current, after-pulses, cross-talk

3) photon detection efficiency (PDE)
G.C. etal NIM A628 (2011) 389

and paper in preparation

- Improved SiPM performances at low temperature (w/ respect to T room):

1) lower dark noise by several orders of magnitude

2) after-pulsing probability constant down to ~100K (then blow up)
3) PDE variations up to £50% (depending on A) down to ~100K

4) better timing resolution

5)

better V stability against variations of T

breakdown

- SiPM is an excellent alternative to PMT...
...particularly at low temperature !

G.Collazuol - LIGHT11 3/11/2011
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Experimental Setup

F Vacuum vessel (P < 10-3mbar)
d " %\}\\— Halogen Lamp / Pulsed Laser

n‘\ Monocromator (200-900nm)
and neutral filters

i, Quartz fibers for carrying light to
~ - Calibrated Photodiode (outside)

- SiPM (inside vessel)

m)) i «

MM
kS

R

|
!

)

Wil

f’!{

f

Cryo-co _‘
(50K<T<300K

el I o

Amplifier UV LED (380nm)
+ fibers to SiPM 5/49
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_r Experimental setup

Temperature control/measurement

» Close cycle, two stages, He cryo-cooler
and heating with low R resistor

* Vacuum well below 102 mbar

» thermal contact (critical) with cryo-cooler
head: SIPM within a copper rod + kapton
(electrical insulation)

* T measurement with 3 pt100 probes

 Measurements on SiPM carried after
thermalization, ie all probes at the same T

* check junction T with forward characteristic

Light sources

* CW: halogen lamp and UV LED (A~380nm)
* Pulsed: laser (30ps rms, A~405nm)

. V... and current measurements

& ¢ Keytley 2148 I OV SiIPM samples

=  Voltage/Current source/meter

A C, R FBK SiPM (2008) - 1mm?

E : | hv (Vbr~33V, fill factor~20%)
5 PuIse/Waveform sampling F XZ*\W v * n*-on-p shallow junction
-+ Care against HF noise SIPM™T__| PD& * 4um fully depleted region
g - feedthroughs i C (active Vo|ume)

§  Amplifier Photonique/CPTA RLQ c * no protective epoxy

§ (gain~30, BW~300MHz) L (no epoxy cracks at low T)
O e Lecroy o.scope, 1GHz, 20GS/s GND
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_r -V _measurements: forward bias

:E'f; . @ Ohmic behavior at high current
30 o -
Linear fit->R__._~ Ry/ N
104 -
107 | : -«
[ 290K @ Voltage drop (V,) decreases
linearly with T decreasing

197K
10% - (e.g. at 1pA)

L13K

59K

@ Forward current

qV,

—1
S I A O IO B o)1)
1] 0.25 0.5 0.75 ! 1.25 1.5 1.75 2 2.25 2.5
Voias (V) Shockley et al. Proc. IRE 45 (1957)

L]
i
L]
.
]
‘
0 oo . R
L]
s
‘
.

]forwardNC(n)A(T)[eXp(

n ideality factor
Diffusion current dominating: n » 1
Recombination current dominating: n = 2

G.Collazuol - LIGHT11 3/11/2011
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_r -V _measurements: forward bias

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

1000}~ ! ' : : '
S S : | constant current ]
< e, SUURR S injection.
~—" L T - . J . . ]
o L T . . — : ]
£ [ h?‘h‘m : Iforwafrd - 1[1A : ]
S B00f L wﬁ‘**;ﬁ ......... R ST AT
: ‘xh\!\ . ' .
L Hx“l ................. TR
- ; e _
5;;(]:_ ....................... ...................... ............. ‘f?«.m;;..g ...................... _
mﬂ:_ ....................... ...................... ...................... ..... E.H."m\.k.ﬁ .......... _
3 E, nkT, Cn)A(T) ~_
— W00 ... .. Vd: ........ ROV ln .................... SUTRR ]
I : : I : : ‘ih‘x
P q q -~ forward : .
N [ : : : : ~ ]
: 399__ ....................... ...................... ...................... ...................... ................ hh'x_
) E 1 I . . 1 i N I . 1 ,..I . N . i I . . 1 ‘I
: i 100 130 200 230 £
= T (K)
© » (almost) linear dependence with slope dV, /dT|, , ~-3mV/K
I
_ (we don't see freeze-out e down to 50K)
o
>
N
= » direct and precise calibration/probe of junction(s) Temperature
O
O
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_r Series Resistance vs T

Two ways for measuring series resistance (R))

1) Fit at high V of forward characteristic
2) Exponential recovery time (afterpulses envelope)

After-pulses

T 0[5 envelope = = 7] Measurements (1) and (2) consistent
S B freet | | » dominant effect from
s | T\ quenching resistor R
e N . , 9
-\ (— series R bulk gives smaller
| SN contribution)
oo
Bc
10 B Q o Lh,
Q2o :
= — o fit |f -V
S n wd : . :
— . .
o2 N o fit exp recovery | - Empirical fit: »
RE & ) | R,(T)~0.13(14+300/T ™" ) M Q
=
—
—
S . .
= Afterpulses envelope
Ly 0
s e 0.05
— £ 1 b e, Overlap of w
- N R
- : 0.05 (W]
I |
o L < o ‘
- : 1|J-S | : : : | | : 5015 \ exponential
9 50 75 100 125 150 175 200 225 250 275 300 7]
N T(K 025 1 | .
D (K) ‘4
= ) . . ) 03 4 | After- pulsmg - )
S Note: SiPM for low T applications must have appropriate more probable at short delays
o | quenching R (not quenching at room T !) LOEOS L0E0E B0E0S 5080 70608

Time (s) 13/49



_r -V measurements: reverse bias

- LIGHT11 3/11/2011

G.Collazuol

vbreakdown VS T
~ 10" ! 40
B S
~102 | B0 ¥/ndf 9559 / 2
PI 96 + 0.8600E-01
205K . 36 P2 @;ﬁb& G,_i‘ji!?E-G_i‘--
10 ya
M4 _ / A
At high T ~80 mV/K /
; o | (fit above 240K) /
258K
.
0l L 236K . ; 301 &
g : /
_ 28
223K ; THRE T ; |
- : Fit: linear + ggadrat c(V=>V, o) .7
173K : £ e #~
K . 24 | . -
10+ 123K V.
oz %
10" | = | = | = | i
20 22.5 25 27.5 30 32.5 35 37.5 40 2 : : : : |
Viias (V) 50 100 150 200 250 300
T(K)

Avalanche breakdown voltage decreases due
to larger carriers mobility at low T — larger ionization rate
(at fixed electric E field)
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V breakdown vs T
.r

G.Collazuol - LIGHT11 3/11/2011

Breakdown Voltage

= 36 - . S
E =
=" 34 - PR /' S
Vbr measured by fitting single ‘ I 75
32 | p.e. charge vs bias voltage pd ;5\_:
e ~—
30 - (pulsed mode) e 0.9 &
-
28 ~
s 0.8
26 .
H'.-'/’
22 e the line is for
ia-'.-.—-. H
20 e eye guide - 0.6
18 | 1 1 1 1 1
50 100 150 200 250 300 350
T(K)
T " T P T 7 )

Electric field (10° Viem)

TCAD simulations
T=283 K

.. Device A (V=457 V)
— — - Device B (V=31 V)
— Devica D (V=27 8 V)

)

- W LA GLOE L LN LR L s

Depth (pum)

Consistent with Breakdown calculations
for abrupt junctions with p-region doping
at the level of 10 cm™ (*)

dv, /dT (V/K)

Temperature coefficient

~0.25 %/K -
: : : e
i i i 4
DD"-Improved ........... ........... // ...................... 4
stability s
el @t low T . e A S ]
: : /// :
posk L ....... ....... // ..................... ...................... ]
DV, N, AT !
0 : : :
e = ~0.20 %/K |
J'IDI — IIf;ﬂ'I II IJ‘JI'DI II L‘L’:'D — L‘Jlﬂ II I.?ISD
T (K)

(*) E field profile of FBK SiPMs described in the paper:

| Serra et. al. (FBK) “Experimental and TCAD Study of
Breakdown Voltage Temperature Behavior in n+/p
SiPMs” IEEE TNS 58 (2011) 1233
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Dark current vs T (constant AV)

I (nA)

102 1

10

10

Tunneling noise dominating for T<200K
(FBK devices have E field quite peaked)

Thermal noise mainly due to
G-R in the high E Field region

x1000

x10

50 100 150 200 250

- > -

(*) the contribution to noise from
diffusion of minority carriers is
negligible in this T range

Main noise mechanisms (*)
(not the whole depletion :reqio;N

1) Generation/Recombination
SRH noise (enhanced by
trap assisted tunneling)

. 1.5 ~ Lact
CB Convseaglonal Ireverse T exp KBT

trap
assisted
tunneling

2) Band-to-band Tunneling
noise (strong dependence on

1 the Electric field profile)

CB

note:
negative T
coefficient

‘GR
center

VB 16/49



gmDark count rate vs T (constant AV)

Measurement of

T,
= . T g6 AV =15V ~ .| counting rate of z1p.e.
T 56 kS K at fixed AV=1.5V
= ' % Lo (- constant gain)
E . s 10° S .
S i
S ‘ <
0° ) 5 \ DCR~T'Sexp_ ot
: 107 . | PoK,T
* «© Activation energy E__~0.72eV
] (\8 »”
. . . . ® Note: E__, should be ~ Eg but
=L L .
0t . 10 - tunnelling makes effective gap
| . \ smaller
| % 50 100 150 200 250 300 350 ? Additional structure
: ‘., Tk} 7 carriers freeze-out (¥)
10 - -I.
. .
. .
| | I
4 6 8 10 12 JE (*) carrier losses at very low T

due to ionized impurities acting

T (K" x10
as shallow traps
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_r After-Pulsing

afterpulsing

VB

P_: trap capture probability

« carrier flux (current) during avalanche « AV

« N traps
1.0x10" - :
experimental data
f t fit ——
_ as
—
5 | components
~ =T g [ -
5 :
2 &
™ E
— 5 | | slow
I:' = oo b .
e components
9 u
-l
1
o 1.ox107™ : : : : :
g * 0 Se-08 1e-07 1.5e-07 2e-07 2.5e-07 2e-07
E Delay (s)
8 Fig. 10. Spectrum of the delayx time from the primary pulse to the after-pulse.
O

(t) = P

T: trap lifetime

exp(—t/T)

c tri
T ag

P «AV

2

Carrier trapping and delayed release

~Few % level
at 300K

avalanche triggering probability

« AV(t)

depends on trap level position

Temperature (°C)

20 0 -20

T T ]
1074 E /_z
o 105 =
@ E 3
E : =
2 i ]
— 108 -=
107 =
3x10%8LC 1 1 7]
3 3.5 4 4.

1000/T (K1)

Partially sensitive to after-pulsing during recovery

quadratic
dependence
on AV

G.Ripamonti, IEEE EDL (1991)

S.Cova, A.Lacaita,
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_r After-Pulses vs T (constant AV)

G.Collazuol - LIGHT11 3/11/2011

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

;3 02 - (find the after-pulsing rate r,.)
_ . - Subtract dark count contribution
04 b ‘ _______________ e - extract after-pulsing probability P,
Tt '| corrected for after-pulsing cascade  p
Vo T Pem
| : AP
0.3 o If.' ........... ........... __After-pulses_ it
_ y Cenvelope
- . * Few % atroom T
: I  ~constant down to ~120K
0.2 _'¥ ...... ........... ]
i ' T decreasing: ? increase of
: 5 | - characteristic time constants
7 . SRR SRR S A— _.of traps (t,,..) is compensated
j 'o 3 e . ‘ by increasing cell recovery
! CHReet time (R)
T TR AR AU S AU I
ﬂ.ﬁﬂ / 100 150 200 250 300
T(K)
» several % below 100K
T<100K: additional trapping centers — Analysis of life-time evolution vs T
activated ? possibly related to onset of of the various traps (at least 3 types at T, )
carriers freeze-out [under investigation] [under investigation]
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|4 DR, AP, Gain, X-talk vs AV (constant T)

. 06K = 123k 16k~ 21| Dark Noise Rate After-Pulsing swift
. . S dumped at low T increase below 100K
—— -!'.ﬂ | | | / ﬂﬂ-# | | | |
¥ v -
= ’ A, \
10 v -~ [
Y 0.3
FE 103 a b P., ~ independent
.. —
of T above 100K
¥ 0.2 ¢
:3 10 . o
w0 L* SRH vs Tunneling - 0.4 i
different slope 3DR/3AV .l Ly W
7 (cfr PDE vs AV) | 0 e el
0 I 2 3 4 5 0 I 2 3 4 5
AV AV (V)
E:-.. .l'.ﬂ L ] —— j | | | |
A ) E (slight reduction expected
S 8 4 |
ey s e due to lower PDE for
; % p =y =~ 3 | large A at low T)
- " 2 TN
. S 4 - |8 2 L ! | T T'f
. 8 JYue © 1 T++
r Pty v & &
! E, 2 B, - / ; / ;* ++L+ ‘.
( &
= 0 5 5 h'ﬁ'#é*“;? = =
0 I 2 3 I 2 3 4 5
AV

; Gain and Cross-Talk are independent of T

2us/49



_r Photo-Detection Efficiency (PDE) vs AV and A

| SiPM with g . =~ ~22% PDE dependence on A
] <1sveerneiee] | (at different AV) - room T
16 ] ‘..".u"'"“"“"'“u....." 2.0V overvoltage
14 bt "'-.. 2.5V overvoltage
* "-._ + 3.0V overvoltage
12 o *s 3V overy,
.... ,MW -.... 3.5V overvoltage
£ 10 4 K ..o ’0...~. '-.... * 4.0V overvoltage _
ué H' .. y ..,0’ 0........ “.'q..‘.. PDE —_
] ..o ‘0,.'. .
6 ) e APt 00000 0y e, . .
" e \:.: € jeom (fraction of active area)
_ -’ X
Transmission efficiency

300 400 500 600 T00 800 900 X
Reduced because wavelengths (nm}) o : "
avalanche triggered Reduced because QE (efficiency of photo-conversion) (*)
by holes (and ARC) low QE X
Ptrigg (avalanche triggering probability)
i I _~ (o)
- oas SiPM with €geom ~20% \‘
— L=400
§ 03 | | oo Expected to be T dependent
i — L=4750m| | inearity below (*) factor (1-Probability of recombination)
o8 0% T kP00 Ay 3y hould also be included
= 2 g | —L=550mm should also be include
5 .
m 01 -
9 0.05 Saturation
o above AV~3V  PDE dependence on AV
A (0] f T T
g 30 31 2 33 24 - (at different A) -room T

Bias voltage (V) 21/49
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Measure — sipm

PDE vs A (constant AV=2V) - halogen lamp (CW)

e/ /G = current drawn by SiPM / SiPM Gain

« I = rate of photons by calibrated photo-diode
photons
- Find: PDE =1_ /G/I
a.u. sipm photons
o 2.5 | ' | | 0.254
fer "
~ + PDE(a.u.) is rescaled from absolute] =
] i * ® PDE measurements at 300K B
- ® 293K . (normalized at the | @
o , peak of the =
2+ s distribution| 0.2
at 300K) -
] ] Q.
® /50K !
1.5 — 0.15
® SOK ‘ i
..___..- - ——— - . T
- . -
. -, '
I B/t | . 1 01
The measured PDE _ f g . |
differs from the y . i
absolute PDE by a * Vel PDE spectrum .
single normalization 0.5 - & / atlow T - 005
fa'Ctor due to a . peaks at "‘ i
different photon .f h I h T 4
acceptance shorter wavelengths . |
of SiPM wrt 4
calibrated diode 0 | = | 0
(different light 400 &0 SO0
paths)
A (nm)

9



_r PDE vs T (constant AV=2V) - halogen lamp (CW)

- LIGHT11 3/11/2011
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Relative PDE

i
=~
s
|
I

PDE=I_ /G/I

photons

Halogen lamp (CW)

FDE(T)/FPDE(295K
G

® 400 nm
* A
- ® S00nm
| /s AN Normalization
125 | /. to PDE(room T)
. o /
! o e g When T decreases we expect:
. . \_ 1) silicon Egaplncreasmg
| . — longer attenuation length
0.75 - . * 3 - lower QE (for longer \)
| - . 2) mobility increasing
0.5 - larger impact ionization
| lines are for - larger trigg. avalanche P,
. eye guide
0.25 . | | . 3) carriers freeze-out
: 50 100 150 200 250 300
freeze-out (3) K onset below 1.20K
- - loss of carriers

< 77?7 interplay between (1) and (2): modulation
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_rPDE vs T (AV=2V) - LED (CW) and Laser (pulsed)

PDE dependence on T at constant gain:

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

Relative PDE

- LIGHT11 3/11/2011

G.Collazuol

and Laser (pulsed light - 405nm)

2 T

1.8 LED (CW)

A =380nm
L6

L4 | .

12 .

PDE(T) / PDE(297K)

) ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
08 | . s e v

0.6
0.4

0.2

50 100 150 200 250

PDE(T) =1, (T)/1,,,

Normalization with PDE at T=297K

300

T (K)

Some features similar to
APDs (sub-geiger mode)

100, 0% 3
80,0%:1 -{

g 80.0%1 ifi ¥ i i
70.0%]

g 60 .0%:4 11—

= 50.0%1 ¥

E 40 0% I

o4} 1

o IR APD at unity gain
0% 1 Red LED light
0% § Yang et al. NIMA 508, 388 (2003)
A 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
- -|{]{]__ 111 : I . I i
> 901 I 1
& 801 ]
%—’ 70+ .
© 604 : —e—A00 nm |
= 50 1 —=— 500 nm
5 ] | I —a—600 nm |
o 404 % “freeze out” _,__ 700 nm -

30

0 50 100 150 200 250 300

Temperature (K)

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

Measure —

PDE vs AV (constant T) - pulsed laser (405nm)

- I = average number of p.e. in coincidence with laser trigger x trigger rate
e« ] = average rate of photons measured by calibrated photo-diode

photons

Pulsed laser (405nm)

® PO7K

123K

A 60K

- Find: PDE=1I /1

AV (V)

photons

The measured PDE _ |

differs from the
absolute PDE by a
single normalization
factor due to a
different photon
acceptance

of SiPM wrt
calibrated diode
(different light
paths)

Saturation starts
earlieratlow T
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Understanding PDE vs T

4

Doping and Field profiles (FBK)

Serra et al (FBK) IEEE TNS 58 (2011) 1233

I l 1 [ ] I L I I
107 Doping profile from G/ curve (Device C) .
- —— Measuramant 4
= — — - TCAD simulation —
E N - . i
§ e
= I
2 1p'tfF nt epitaxial layer [
B = ! =
= |
= [ -
i N _
=
L] E
8 -
15 &= =
WE v by 3
0 1 2 3 i 5
Depth (pm)
V,, versus doping concentration
1000 S T ' g
SRS R ONE-SIDED i
_ o= i SN GaAs <i005>-| ABRUPT JUNCTIONS [
— 2 N NI
b . | N
(CN> :g 1T = N ¥ M '
~ "a | ! "\Sl 1 MGaP
— <2100 = a- .z
@ ¢ [—Avalanche = —HE
o E F—multiplication | N
T Breakdown o R
@) % 10 _ RN e ™~ \ N
j 8 = : S
L
o % IR L&
3 @ il Rl |
= 1 ~ Hi
S 1019 0% 10'6 107 \218

&ze and Gibbons,

Appl. Phys Lett. 8 (1966)

IMPURITY CONCENTRATION Nglcm™)

104

102

101

Absorption length ¢ (um)

1078 .
200 300 400

1031

Light absorption in Silicon
——
: 7T K
: 173/ K
<! '
e | il
Surface |
| effects | , il
dominate ! t
-—— -300 K
: Transparency,
| . interference
J' : are issues
| | — '
|

500 600 700 8

Tunneling Breakdown

900 1000 1100

00
Wavelength (nm)
Shallow R
Junction
fully
depleted
region
4 pm
(epitaxial)

substrate
low-R
500 um
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_r Understanding PDE vs T: 1D toy model

T 1E+06
08 === on on on e o o e——— e e e e 0505
o.s-—h-\i\- ------ i ST B e | 85405
Y | T R T —— | 72405
E \ ‘.-'\ : -
Bost-f-K---N------ R E L EEE SR e P 62405 §
3 - . e B
E 05 -\ "\':;'" slectric field ~~ =TT TTTTTTTT I 5=-05§ ’
§ 04t "'\i ........ e 405 = Breakdown voltage vs T
i 034 -fq-N-mmmag-o---? ----- = e S 3E+05
02+4- ---\-\--- 420nm -~ ----------- 2-&---__-_-;- --------- 25405
01¢- "400"*";"“3;**:.:::*__ SR s L { Avalanche triggering probability
Kt == N = for electrons and holes (P, .e, P ..h)
depth (um) \a© (using differential equations method after
E field profile + \ Oldham et al, IEEE TNS 19 (1972) 1056)

+ impact ionization rate

N——
] Q
] o

J _AV=8V
5 L : ; - : : AV=4V
I..ﬁ ]ﬂ.S LI S B R LR T T ' [ - g . il .
= A \_ — E=53X107 Viem £ I : : : : : AV=2V
E 1.7 105 F - B —— / Q | ........... ....... ............. ............. .............
. - — ! - ; : 5 : :
gle1r —— — = I : : : f :
E S .: vse=J /1 / ~__electrons
= + —— ] . . ! : : . !
2 1.5 10° - — \ - : : - T=50,150,...,300K :
] L 1 - 4 : . . . :
g 1.4 105 [ H=ﬁ.l!X|Hﬁ Wlem N G4' AV=05V
213105 F : — ¥ A U 5 : : 5
£ : : = \ : : : :
1.2 107 T S B e el ;.-_ ..................................................................
0 50 00 150 200 250 300 0 ' |
Temperauture, T [ K]
FIGURE 1.43. The impact ionization rate o as a function of temperature T, with i — e Ly ()
the electric field E as a parameter calculated from Okuto and Crowell’s (85) 0.0 0.2 0.4 0.6 0.8 10 12
model.
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_r Understanding PDE vs T: 1D toy model

- LIGHT11 3/11/2011

G.Collazuol

avalanche triggering probability +

+ light absorption length in Si (1/a)

absorption length (um)
107

Iﬂf‘\n\\\

100

Rajkanan et al, Solid State Ele 22 (1979) 793

Accounting Egap variations with T, etc...

calculate
mmmm)> PDE as a function of (\,T,AV)

e N T T e R | Ry I A T I

obtained by the convolution of
(x) and a exp(-ax)

I:)trigg

(integrated over the depletion layer)

A | |

e

"

_ Saturation starts
A earlier at low T
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_r Understanding PDE vs T: 1D model

: g g g : : ~ 1) main contribution to PDE from electrons
| S 5 ; - — PDE distribution shifted toward short A
: 1 1 | : at low T because of larger absorption length

A SR : | _ "~ (photo-generation deeper into depletion
o3k A .............. ............ NG ;""TEI'S'EOK layer = gain for shorter A, loss for longer A)
] TN f S .............. N NN\ | .

(see also PDE vs T)

2) tunneling effects not
included in the model
(enhancement of PDE,
3) freeze-out _ | | AV =2V ~interplay with band gap
notinCIUded 3_{;__ ................ ............... )\400nm ................. Variations W|th T)

in the model : - - 5 5

"\ 4) something else

Is missing: need

_ ; ; : 5 : to explain PDE

i IEHSe 0000000000000 .......... ........ )\"—"'800nm ....... decreasing W|th T
[ : : 1 : for 250K<t<300K

Lok
5) Recombination
not included|

T (K) to be understood !
29/49

G.Collazuol - LIGHT11 3/11/2011



_r Overview - SIPM timing properties

 Intrinsic timing: discussion of intrinsic timing properties based on
measurements of single photon timing resolution

G.C. et al NIMA 581 (2007) 461
and paper in preparation

A few comments about timing related to signal shape

G.Collazuol - LIGHT11 3/11/2011
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r GM-APD avalanche development

Longitudinal
multiplication

Duration ~ few ps

Internal current
up to ~ few pA

3 .
F

x100

Transverse
multiplication

Duration ~ few 100ps

Internal current
up to ~ several 10pA

(1) Avalanche “seed”: free-carrier
concentration rises exponentially
by "longitudinal” multiplication

(1') Electric field locally lowered
(by space charge effect) towards
breakdown level

Multiplication is self-sustaining
Avalanche current steady until
new multiplication triggered

in near regions

(2) Avalanche spreads
"transversally" across the junction

(diffusion speed ~up to 50um/ns
enhanced by multiplication)

(2') Passive quenching mechanism
effective after transverse
avalanche size ~10um

(Otherwise avalanche spreads over
the whole active depletion volume
- avalanche current reaches a final

saturation steady state value)

Corrente [MA]

1E0

1E-1

1E-2

1E-3

1E-4

1E-5

Correnta [mA]

R W A 0~ @ @

T \\IIHIl T IIIIHI‘ T T TTTTIT
\,

\IIII|
—
-1 5 _ K -
RN
A

A.Spinelli
Ph.D thesis (1996)
0 | él'1IOI‘II5I2|C1I2|5I3|DI35
time (ps)

Simulation w/o quenching:
- steady current reached

Photon @ center of the cell

R VEY - R
9¥— Photon @ edge
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r 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
(inside: carriers' density lower and E field decreasing

toward breakdown level)

dS _d

5252111"( )ArzvadiﬁpAr=4TrAr\/§

dl dlds/F\
dt det\R \/T/

ﬂ —J= Vbias /
ds ~ R_(S) S = surface of wavefront (ring of area 21rAr)

| | . £ ” _ R (S) = space charge resistance ~ w?/2gv~ O(50 kQ um?*)
(Internal) current rising front: v, ~ O(some 10£m/ns)

the faster it grows, the lower the jitter D = transverse diffusion coefficient ~ O(um?/ns)

dI/ dt » understand/ engineer timing T = longitudinal (exponential) buildup time ~ O(few ps)
features of SiPM cells 1
T~

Rate of current production:

1_(Emax/E rea OW}’I)n
- timing resolution improves at highV, e -

bias

- E field profile affects 1 and Rsp(wider E field profile - smaller R) >
(should be engineered when aiming at ultra-fast timing) /<
- T dependence of timing through Tt and D

- slower growth at GAPD cell edges — higher jitter at edges
reduced length of the propagation front

- LIGHT11 3/11/2011

G.Collazuol

SiPM cell 32/49



_r GM-APD timing jitter: fast and slow components

G.Collazuol - LIGHT11 3/11/2011

1) Fast component: gaussian Fluctuations due to

with time scale O(100ps)
Statistical fluctuations in the avalanche:
* Longitudinal build-up (minor contribution)

 Transversal propagation (main contribution):

|

a) impact ionization statistics

- Jitter at minimum - O(10ps)
(very low threshold - not easy)

b) depth of photo-generation
position due to finite drift time
in low E field region (even at

. o _ _ _ saturated velocity)
- via multiplication assisted diffusion

(dominating in few um thin devices)

A.lLacaita et al. APL and El.Lett. 1990 — note: saturated v, ~ 3 v,

- via photon assisted propagation

(dominating in thick devices - O(100um))
PP.Webb, R.J. Mcintyre RCA Eng. 1982 ——— »
A.Lacaita et al. APL 1992

Fluctuations due to
a) variance of the transverse
diffusion speed v ..

b) injection position statistics

- Jitter - O(100ps)
(usually threshold set high)

Multiplication assisted Photon assisted
diffusion propagation
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_r GM-APD timing jitter: fast and slow components

G.Collazuol - LIGHT11 3/11/2011

2) Slow 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 o
Cn+ = PR
nkiﬁ 'iHLgh Field £
J - _?_ = i egion z\
Guard Rin ' W -
i i : 2 108
' | [}
1 i ©
i 2
Region E % 10_5:.55:
! Q
o
tail lifetime: t ~ L2/ D ~ up to some ns 0 1000 2000 3000 4000
L = effective neutral layer thickness Time (ns)
D = diffusion coefficient S.Cova et al. NIST Workshop on SPD (2003)

Neutral regions underneath the junction : timing tails for long wavelengths

(Neutral regions in APD entrance: timing tails for short wavelengths)
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_r Measurements - experimental setup

- LIGHT11 3/11/2011

G.Collazuol

Pump Laser Crystal for Second

Millenia V (Spectra-physics) Harmonic Generation (SHG)

solid state CW visible laser conversion 800 nm - 400 nm
efficiency at % level

mp laser

Low noise LV
suppliers

Dark box /

|

u Ti:sappire SHG II

P laser

Mode-locked Filters

SiPM +
amplifier

blue + neutral

Ti:sapphire Laser for rejecting IR light
Tsunami (Spectra-physics) and tune intensity

femtosecond pulsed laser

wavelength: tuned at 80015 nm
pulse width: ~ 60 fs FWHM

pulse period: ~ 12 ns

pulse timing jitter < 100 fs

Data taking conditions:
o different V___

e pboth at 800 nm and 400 nm
* with different light intensities
(counting rates
in the range 10+20 Mhz
le 15+30 KHz per single cell)

O
<

%
-

1

/

Rﬁc

R,
N“
SiPM 4{ P

Electronics

LeCroy SDA 6020

Analog bandwidth: 6GHz
Sampling rate: 20GS/s
Vertical resolution: 8 bits

External trigger from
Ti:sappire laser
signal

| - V conversion via R _(500Q)

Two stage voltage amplification (= x50)
based on high-bandwidth low-noise
RF amplifier: gali-5 (MiniCircuits)

Z =500

%M
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_r Waveform analysis: method

G.Collazuol - LIGHT11 3/11/2011

(1) Selection of candidate peaks:

* single photon peaks

e proper signal shape

* low instantaneous intensity
(no activity before/after within 50ns)

e low noise during the previous 10 ns  (3) Time difference At between
(typical noise ~ 1mV rms)

-0.02

-0.04

-0.06

-0.08

-0.1

-0.12

0 20

(2) Peak reconstruction

e optimum time reconstruction

 amplitude and width (baseline
shift correction)

consecutive peaks

time (ns)

-
Laser
period

AL e

|

I

1 p.e.

40 60

et

80 100 120 140 160 180 200

v (ﬂf"’”“"’*‘“’"“"*‘ﬂ/M
_. !

|

f ‘;

|

NOTE: good timing properties even up to 10MHz/mm? photon rates
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G.Collazuol - LIGHT11 3/11/2011

Amplitude (V) I

-0.5 —
-0Le

-0

-0.8 B

time (ns)

Note:

dl D
dt Rt
1
V=(E i) E preationn)”

TN

Additional contribution to rms
(afterpulses)

Risetime (10%-90%)

(dominated by electronics contribution)

FBK
g :
% L] [ & & ¥ .
I 2 3 4 3 Gver—v%frage (VY
CPTA
L . & .
! 2 3 4 3 Gver—v%h‘age (Vf
T HPK
1 2 3 4 J Gver—v%h‘age (vy



_rWaveform analysis: optimum timing filter

Different methods to reconstruct the time of a peak:

x parabolic fit to find the peak maximum
X average of time samples weighted by the waveform derivative
v digital filter: weighting by the derivative of a reference signal

-~ optimum against (white) noise (if signal shape fixed)

.’:/'ﬁ'nk"df (c)
-“‘

Digital filter to minimize N/S
for timing measurements:
solve the following equation on t :
Va = measured signal

avr<t_t ) (includes noise)
.[Va(t) ot ~dt=0 Vr = reference signal
t,= reference time

G.Collazuol - LIGHT11 3/11/2011

see e.g. Wilmshurst “Signal recovery from noise in electronic instrumentation” 38/49



_r Single Photon Timing Resolution (SPTR)

G.Collazuol - LIGHT11 3/11/2011

Analysis of the distributions of the t difference
between successive peaks
(modulo the laser period T___=12.367ns)

Data at A=400nm
fit gives reasonable x?2

with gaussian (0,™) +
constant term (dark noise contribution)

The detector resolution is obtained by

o,M/vV2

Data at A=800nm
fit gives reasonable x? in case of an
additional exponential term exp(-|At|/T)

* T~ 0.2+0.8ns in rough agreement
with diffusion tail lifetime: 1 ~ L2/ @D
if L is taken to be the diffusion length

e Contribution from the tails ~ 10+30%
of the resolution function area

Gaussian + Tails (long A)

rms~50-100 ps ~ exp (-t / O(ns))
contrib. several %
for long wavelengths

w* Overvoltage=4V FIT: gauss+const
A=400nm

10°

102 aT——— T T WWWWWM«MWN

0 2 4 5 8 .:‘EO 2
mod(At,Tlaser) [ns]

FIT: gauss+const
[\ +exponential
|

3 A=800nm N /
o
AN

h,
z L ed) UL E

: - o A Nl i \

e j"-"‘-‘r-lx'\ o ni'.'lgr".“*-“"-"-‘-I"*‘-”“ I [P ] '|'||'“""nh- e 1:'-1'!*‘,\'-.—.‘ e {"f‘.‘-n-'-"ll

[ alily |

Overvoltage=4V

10°
0 2 4 6 3 10 12

mod(At,T,__) [ns]

Distributions of the difference in time between successive
peaks (modulo the measured laser period T, =12.367ns)

39/49
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_' FBK - single photon timing res. (SPTR)

G.Collazuol - 1'IGHT11 R/11/2011

—U?.Sﬂﬂ
=
= electron
Eﬂgjg . ® A\ =800 nm |injection
“ ® A\ =400 nm |hole
"' injection
200 |- i —.contribution from-
e noise and method
1Y . (not subtracted)
150 RS eye guide
N
100 .
"
. e
50 - S . -
0 | | | |
0 1 2 3 4 5 6 7
Typical Overvoltage (V)

working region

G.Collazuol et al NIMA 581 (2007) 461

Better resolution for
short wavelengths:
carriers generated

next to the high E
field region
high-field neutral
region region
|
hv ;
1
e OF’:'
: +
nm | p
>
//depletlo ion
1 T ) 12406
0.8 Hp------ - - f————m—————— L 92405
oaif X it .—_.+'1'— R S— ; NSSTEI— 82405
R L T TR . | | 75205
E \ .’.K : =
- | o.e--—-}.- e e Fomm e mmm e e t 62405 §
o e : >
20-5"—" N "‘\‘:;g’""eascu.cﬁesa """""""""" [REN o
7 51 W N N o L 42205 5
" " | =
034-F1-%--m-og-----2 b - B e L 32405
02 f-Fh--N___ 4200m b A mm————— B L 25405
b7 TN O
0.1 58~ - 400nM - -- - -= e == 4 1E205
0 T = ""15'.- hhhhh e ——1 0=-00
0 0.2 04 06 08 1
dspth {um)
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_' FBK devices - shallow junction

SiPM type without optical trench ~ SiPM type with optical trench

- 300 i i i I 300 F B K
= * ®* A =2800nm
: n
g . '. * A =400 nm ; 2 .
250 |- - - -25 T
20 L — Contributjon from <2
“ & noise and method ¢
o (not subtracted) v
200 = eye guide e 200
150 - +{ i 1150
11":*., '1:-\..‘
. K
100 P - 100
. | 2 | s
N . B I L | -
N 50 \\H » ' 50
— e -
) —
i o —
- 0 i | i | 0
5 0 2 4 0 2 4
- Overvoltage (V) Overvoltage (V)
[s)
N
= (Devices with the same high field structure)
O
O
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_' Hamamatsu - shallow junction

1600 cells (25x25um?) 400 cells (50x50um?)

- 500 | I hole i i | 500
A ® A =800 nm jnjection
~ 450 ® A\ =400 nm electron| [~ 1450 n H P K
= _ eye guide injection I . %
=400 | 400 U s
350 e b ::. 1350
< HPK-3 ' HPK-2
300 - b ] -1300
250 | 1 1250
-+
200 b4 -1 -1200 oy C
. 150 b 1150
& 100 |- - | - 100
E . .-“'_'-.-
5 0 | | | | | | 0
- 0 1 2 3 0 1 2 3
= Overvoltage (V) Overvoltage (V)
-]
% G.Collazuol et al (in preparation) Sugges.ted
8 Operating range
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_' CPTA/Photoniqgue - deep junctions

a) Green-Red sensitive b) Blue sensitive
SSPM 050701GR TO18  SSPM 050901B TO18

300 , , 600
B ®* A=3800nnm
3 * A =400nm Thick structures,
Eqﬂjﬂ ~ eye guide 1300 buried junctions ?
=
a) n*/p
200 | ‘ 400 - electrons drift
-
. y &
-___.---.. b) p+/n
150 . +300 - holes drift (v /3)
-
' e
100 1200
o
g .
E 50 . 100
m
2
O 0 i i 0
- 0 2 4 3
5 Overvoltage (V) Overvoltage (V)
>
©
3
@]
6]



_' SPTR: position dependence

- LIGHT11 3/11/2011

G.Collazuol

FWHM (ps) | FWTM (ps)
1 199 393
2 197 389
3 209 409
4 201 393
5 195 383

148.2ps

K.Yamamoto
IEEE-NSS 2007

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

K.Yamamoto PDO7

= 7S
iz K FWHM = 263 ps
g ]
= 7o
T X FWHM = 294 ps
7 e
A
Yao| -/ \\ FWHM = 192 ps

Larger jitter if photo-conversion
at the border of the cell

Due to:
1) slower avalanche e
front propagation

2) lower E field 4

at edges
— cfr PDE vs position \ -
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_r SPTR: timing at low T

G.Collazuol - LIGHT11 3/11/2011

TimIiNng: improves at low T

Lower jitter at low T due to

higher mobility:

(Over-voltage fixed)

Setup:

- Cryo-cooler setup
described before

- PicoQuant laser

(40ps FWHM, A~405nm)
- Wide band amplifier
(used for timing
measurements)

Note:

dl D

dt R T

sigma (ps)
5

L
i
=

100

80

60

40 |

0

a) avalanche process is faster

b) reduced fluctuations

o AV =42V +
® AV =44V
T
| | ¢
| ¢ y
t
FBK
devices
50 75 100 125 150 175 200 225 250 275 300

G.C. (2011, unpublished)

T(K)



! Timing properties —» fast timing devices

Timing by (single) threshold:
Single Threshold . .
- time spread proportional to N
1/rise-time and noise (a) :
o _ O_amplitude ° fr'r:,,,., 't :Tm -
fime df(t) Wm0 4 1 Tmg=1)
dt {b} ’,", \\
Q -

Timing with optimum filtering:

— best resolution with (c)

f'(t ighting functi 2
(t) weighting function , O plitude

df (1),
Jal= 5]

time

(d)

—

—

S _ _

= Pulse sampling and Waveform analysis:

g Fig. 7. Optimum filr.er‘ Earl timing in presence of white noise
. ag s . (method of derivation).

-  Sample, digitize, fit the (known) waveform () signal waveforn

':E - get time and amp“tude (b) optimum filter for amplitude measurements,

% 2 (c) optimum Eilter for timing - derivative of (b),

_' 2 . O_amph'tude (d) output waveform.

% O_time_ d 2

© N f dt| If (¢ )] V.Radeka IEEE TNS 21 (1974) and

S samples dt vast literature thereafter

O
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G.Collazuol - LIGHT11 3/11/2011

SIPM equivalent circuit

Single cell model -» (R,||C, )+ (RlIC,)
SiPM + load - (]|Z_)||C

cell grld Ioad

Signal = slow pulse (T (ise) To-siow (rany) +
+ fast pulse (T4 ise) To-sast (ra)

T
1l
@)

g

.Td (rise)~Rd(Cq+Cd)

*Totast (fal) = Rioag G (FASE; parasitic spike)!

* Tyslow (fall) = Rq (Cq+C ) (slow; cell recovery)' _______________
Firing Other P?ra_sitic
microcell microcells grid

capacitance
—: _
Q Cq T Rload Cd T
Vit)= e M4 sLow
Pulse shape 7=T5(c" R c+c,
Vv
...... ' Qfast Cq
- charge ratio ~
Qslow Cd
D015 ,= 10fF
o max /2 \ ) . .
. X - peak height ratio —&t R,)  increasing with Rq and 1/R__,
. pre C Cmt\Rk)U (and Cq of course)
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_r Optimizing signhal shape for timing (SPTR)

max R Enhancing C, does improve
— peak height ratio Jast q

yrc c_g__ timing performances

slow

— fe Yamamura et.al. at PD09

1mmO100um(GAIN=2.4E+086. 25°C)

Timing resolution of 1p.e. vs threshould

400

= STD
—=— Small pixel
—+—Wide trace [

Small pixel

N - -
iy

=30 =40 =50 =60
Thresheld [mV]

Note: o’

amplitude

N s J @tLf 1 (0)F

time

The steep falling front of the fast peak
could be exploited too for optimum timing

G.Collazuol - LIGHT11 3/11/2011
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G.Collazuol - LIGHT11 3/11/2011

Signal shape for timing - many photons

Single p.e. signal slow falltime component 1

PMT - 1 p.e.

various gaussian
signal shapes

oaap
0.4t

PMT - 511keV in LYSO

convolution
i 1lpe O scint.exp.

! 1 L il s
i 500 100 150

fall

= R, (C,+C,)

strongly affects multi-photon signal risetime

Arbarrary
(o5 )
L

SiPM - 1 p.e.
x;ﬂ'* .
” Y changing
" H\u risetime
3t 1Ay
3 ‘%x
h
. ﬁ
L5 R‘H\

:
. JJ _ K

¢ 10
thsex

SiPM - 511keV in LYSO

convolution
1pe O scint.exp.

D 20 0 & 8 W0
[ §1a

NooWm 40 50 ed 0O B0

el ey
III 1443 160

Arimtrary

L= .

(¥}

= -

SiPM - 1 p.e.

w10

.h changing
\ falltime

i onvolution

1pe 0O scint.exp.

convolution
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_r Optimizing shape for timing - many photons

_— o7 Enhancing C, and R, does
- peak height ratio —-~ . improve timing performances

Vmax Cd Ctot Rload

slow

FBK devices type:

Active area” 4x4mm";
Cell s1ze: 6?}:57’“1]12;
Fill factor: 60%:
Co+Cp: about 1801F;
Rg: 1.1M;

Dark noise rate:

~100MHz at DV> 4V
Fig. 2. Test set-up consists of two similar gamma ray detectors (LY SO crystal

: SiPM) i incidence. A *IN; disc in the middl used
C.P|em0nte et al IEEE TNS (2011) ;mﬂatg}hﬁigpﬂﬁslﬂt Sllkeﬁf'pthmeccEjﬂcid;ce. e =

0 000 O

* Signal risetime < 5ns
o o aoe e CRT ~320ps (*) FWHM triggering at 5% height
—V-siPM 1 Both are much better than for different
structures with high C_,and/orlower Cq, Rq

1
. 0.9
2 0.8
0.7
0.6 -

- — simulation

| o ' (risetime up to several x 10ns, CRT > 400ps)
~ 03
o 777 peak shape is not scaling with AV
O'é | (non linearity in the F.Corsi etal electrical model)
0.E+00  1E-07  2E07 3E07 4E07  5E07 Can be corrected - energy resol. ~11%
Time (s)

G.Collazuol - LIGHT11 3/11/2011
Normalized amplitude (a.u.)

(*) ~40% from light propagation in crystals . o



G.Collazuol - LIGHT11 3/11/2011

Conclusions

 Breakdown V decreases non linearly with T, as expected -
- better stability against T variations than at T room Propertles
Dark rate reduced by several orders of magnitude atlow T
- tunneling mechanism(s) below ~200K
After-pulsing at % level down to 100K; blow up below 100K
PDE vs T: modulation up to £50% wrt T room
— PDE decr. as T 300K —» 250K, incr. as T 250K = 120K, then freeze-out
PDE vs A: PDE peaks at lower A as T decreases
* Cross-talk and Gain (detector capacity) are independent of T (at fixed AV)
* Timing resolution improves at low T

SiPMs behave very well at low T, even better than at room T
In the range 100K<T<200K SiPM perform optimally;
- excellent alternatives to PMTs in cryogenic applications
(eg LAr, LXe... provided proper changes are made for PDE in XUV...)
- Optimization for low T (quenching R, ...)

Timing e Intrinsically ultra-fast devices:
Properties time to breakdown and jitter < 100ps
* Not negligible non-gaussian tails (ns) for longer wavelengths

 Smaller jitter for blue light than red (depends on the structure)

e Timing improves at low T
e Peculiar pulse shape — device optimization for timing
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