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FACTOR
3-year project (2007 — 2009) funded by INFN
Participants:
INFN laboratories and/or universities at:Trieste, Udine, Messina
collaborating with
ITC (now Bruno Kessler Foundation) -IRST
Trento, Italy

Background:
2005: INFN funds project (DAS1PM) for the development of S1iPM devices,
mainly for PET application
2007: INFN funds continuation of DASIPM and expands development to other
applications (FACTOR)

INFN-Trieste has a long — standing collaboration with IRST in the development
of Silicon-based detectors for application in accelerator, underground and space —
based experimental particle physics.
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Motivations

The FACTOR collaboration interested in the development of the device
and in its optimization for application to:

Present application interests:

 Calorimetry with fiber-based optical readout
 Large — area scintillator — based muon counters

* Scintillating fiber — based tracking

» future space experiments for detection of UHECR
* FEL studies and instrumentation

e future large — area, ground — based x-ray telescopes

Action Plan:

- comparative studies for detailed understanding of device characteristics
- Application tests

Optimization of properties as a function of application
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Present IRST technology*

*C. Piemonte “A new Silicon Photomultiplier structure for blue light
detection” NIMA 568 (2006)
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Distinguishing characteristics:

1) Very shallow junction
2) ARC optimized for short wavelenghts (~400nm)
3) polysilicon quenching resistors
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Development History

Development started at the beginning of 2005

Baseline geometry

SiPM structure:
- 25x25 cells
- microcell size: 40x40mm?2

SeLtLNA NSRS
N S S Y

Development has continued
over last two years: several ,
Y Geometry of baseline model

succeeding prOdUCt_lon runs 1o NOT optimized formaximum PDE
to develop geometries for ( fill factor ~20%) .

different applications
and to optmize operational characteristics
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Principal characteristics of interest
Gain
Noise
>dark count

»afterpulsing
»optical cross-talk

PhotoDetection Efficiency (PDE)
Dynamic Range

Time characteristics

>rise - time, resolution, recovery time

Radiation hardness
Sensitivity to magnetic fiels

Other considerations

‘Packaging
‘Readout electronics
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Device characterization:z

+ Static measurents: IV measurements for rapid test of
device properties, uniformity and stability

» Dynamic tests: Output sighal characterization and
stability using noise signals in the dark

» Signal rise time and fall time

»>(Gain

»Dark count

»Optical cross - talk

»Afterpulsing

* PhotoDetection Efficiency

1)All characterizations reported here are for Imm? devices
2) for a thorough characterization of the first SIPM prototypes fabricated at ITC-irst see C. Piemonte, IEEE
TNS, February 2007
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current (A)

Static measurements- 1 Rapid check functionality & uniformity

1u 3
3 —%— IRST 00 o
VG ¥ Sensitive to principal characteristics
—A—IRST 11 i
100n 5 —m— IRST 03 ]tot
Baseline version dark current 7, =1, —1,,
10n 3 1s prop. to gain G and dark count (DC )
I, o« G(DC)
i and since GV, DCxV
]dc oC V2
100p
| reverse Voltage (V)
SiPM | Vbd (V)  Ibd (nA)
IRST-00 32,5 3,6
IRST-02 33,0 3,6
’ ’ 2
IRST-03 33,0 qq T ;r;lm X
RST-08 33,5 g SSCONG B
IRST-11 33,5 3,8  IRST devices generally very uniform
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Static measurements-2

100|J 3

Blue enhanced 3x3 SiPM 10M 3 blue enhanced 1x1 SiPM
—A— PHOT 18 ]
—A— PHOT 21
] o 1 OX
©— PHOT 19 ] —o— PHOT 22 QA%%
10 o —X— PHOT 20 " X PHOT 23 gx
3 E X /
—~ 1p A =
$ E 2 100n E
E —
5 5
S 100N 3 S 10n-
O E 3 E
10n 5 1n o
1n T T T T T T T T T T T T 1 100p T T T T T T T T T T T T T ]
10 20 30 40 50 60 0 10 20 30 40 50 60 70
reverse Voltage (V) reverse Voltage (V)
SiPM | Vbd (V)  Ibd (nA)

Phot-18 52,5 125,8

Photonique 9mm?
Phot-19 495 260,6 9

Phot-20 49,0 08.7 Blue sensitive
Phot-21 51,0 6,5

1 ’ . 2
Phot-22 53.0 6.9 Photonique lm.rn.
Phot-23 55,0 60 Green-red sensitive
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Static measurements-3

Current (A)

250,01
1.8m — —m— Phot 21 /x
L —0O— IRST 00 —X— Phot 22 X
1,6m —+—IRST 02 200,0p —0O— Phot 23 X
1 —m— IRST 03
1,4m —X— IRST 08
1.2m - —ATIRST1L 150,0p
l,Om—- g
1 1=
800,04 O 100,04 -
600,0|1—- 8
400,04 ] 50,0p
200,0;1—-
004 oanno 0,0
_ZOO'OH-0,2' 00 02 04 06 08 10 12 14 16 18 1 0 1 2 3 4 5 & 7 8 9 10 1
direct Voltage (V) direct Voltage (V)
SiPM Rq (Ohm) SiPM Rqg (kOhm)
IRST-00 669 Phot-18 2,29 Photonique Omm?
IRST-02 612 IRST 1mm?2 Phot-19 1,52 Blue sensitive
IRST-03 619 second batch Phot-20 1,24
IRST-08 697 Phot-21 39,8 Photonique 1mm?2
IRST-11 590 P2z 174 Green-red sensitive
Phot-23 37,8
x 625 ~390kQ
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Capacitance (F)

«»y  Statlc measurements-4

—0O— Photo 21
—X— Photo 22
—A— Photo 23

450,0p -
1 gs50p4 A
4000p4 B _
] —m— IRST 00 80.00
550,00 —O— IRST 02 P
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2000 —A—IRST 08 o 75,0p 1
P —+—IRST 11 — 1
i @ 70,0p
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250,0p - e |
] £ 65,0p
200,0p g P
l S T
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150,0p O J
100,0p 55,0p
50.0p - Btasppsnsnssssns 50,0p
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SiPM
IRST-00
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IRST-11
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Vdep (V) Cdep (pF)
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reverse Voltage (V)
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Simplified Schematic

dynamic measurements-1

Amplifier used for fast characterization of SiPMs:

[Tk

it
T =

i
b3

. . - —
Agilent ABA-52563 3.5 GHz RFIC Amplifier = = = N v
(economic, compact, internally 50-Q matched, gain ~ 20 dB) i i ‘*
Dimensions 1.8 x 1.8 mm2 - —t— 1
16-May-a7 CHAMMEL 2 0 1
]L]t]?th _ _ . — _ _ _ . ﬁ“”gﬁ g T 3 .
1 ]]:3 'I T-:! Grounded . Grvard !
| F Oc 1
T Grounded i
o | | | | | ::ul Az E!* .
T . T
JIEmETa ; Illll 5 l-II ) f; _i_ v%;l‘ } = 14
e N S E:H N B B “1o0a] Bl— £
" I _;H E 2EIF1-I:EE\I‘H:
A ; e e g — +_§
T 1 T
J —Praobe Atten— E=—
masimumi 2 ) 3BT H _—
2
=5
I ns i;g Il
1 1@ m 0OC
H.1 v E]D 16 635
o s C 941
i }El 2\3 i - ¢ STOPPED

Orange trace: input from pulse generator, FWHM = 0.9 ns, tr = tf = 300 ps
Red trace: amplifier’s output
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dynamic measurements-2

4=Jun-d7 CHAMMEL 2
14:5@:24

—EDUE ling—
Grounded
0c 12
Groundead
AC 1M

—d 1w OFFset

—Global Bll—

20MH=z 208MH=

i
THI
3\ :

[ . ! | i i : : : | . T
L1F ..--.;-J'-.-- --..-_-_:.-_--_JI..- .:-.----:._--_ Ea!’-“uu'_}-_ T
i T T — Vbias=35.5V ! : . ~ T B
i i i i i i  biae=12 By i Formitech F1: R, ~0.9 MQ, I —Praobe Atten
1 | ¥ 1 | 1 1 | ] 1 . | | | | T | I ! |
T - L I ¢ recovery time = 400ns . w2
) ) i I';El"ll- h i I >5
=106
-1 ps T 20 r
1 5 ms 50
210 My 50 16 G5/
H 5 mv 530 1 3 DG -4.3m¥
4 18 mv 4 STOPPED

MRS SiPMs have 2.5 to 50 times larger Rq values than IRST (polysilicon) devices
—> longer recovery rimes
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dynamic measurements-4
Dark count IRST _A1

3
2 *
]
= 2
= 4 I mm~ type A
= *
3 3 s VBD =33V
£ 2 - D.C.(AV=2V) =~ 1.5 MHz
& .
| :
*
I:I “ 1 1 1 1 T
33 34 35 36 37 38 35 Dark count IRST_A1
Bias voltage, V
P
y=0722x-23 852
Mo 2 Ri=fgo0
I
. B . . E_ c //
Linear fit intercept with V-axis £ / + LinearD.C.
. & .
gives VBD =33.04 V e ———Lin.fit
E /
© s
*_d-“'
0 . . :
33 335 34 345 35 355 36 365
Bias voltage, V
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dynamic measurements-4

Dark count, Forimtech 1 mm?

8
T
o P ! .
L6 * = I mm2 MRS devices
£’ JE VBD =20V
w4 - F3
2 5 . - D.C.(AV=2V) =2 MHz
= % F1
a8 ¥
1
0 % . . Dark count, Photonique GR 1mm’
20.5 21 21.5 22 F25 23 235 24 245
Vbias, V ]
8 *
.
25
= +
g5
I mm2 MRS device - LR
o *
VBD =41V HE
e *
D.C.(AV=2V) = 2.2 MHz 1 s
i} : : : : :
4 42 43 44 45 46 47

Bias voltage, V
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dynamic measurements-5

IRST, Dark count (roomT)

Dark count, MHz

* Al
mB1

B2
% D1
e D2

= == k3 %] N ) | gy = [ s ] [Aa]

Overvoltage, V

type “A”, D.C.(AV=2V) = 1.5 MHz
type “B”, D.C.(AV=2V) =~ 2- 3 MHz
type “D”, D.C.(AV=2V) = 1 MHz
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dynamic measurements-6

IRST_A1

20 =

18 L
e = anc Temperature
= I’ 30C
. 14 :
$ - = - 200 Dependences - 1
g - ; - 100
a 10 . o -
E B r’f;.-/x 2 /’ IRST AlVgpvsT
N =
= 4 . - 35

v 345
2 ) y = 00UmaTx + &Udr’_{.i
0 : : : : . :_-_ 34 - -
e J @335 L]
33 34 35 36 ar 38 18 3 o
Bias voltage, V e B ¢« VBDwT

Measurements performed in a g » . —Linear (/8D w T)

. . . . . = 31 5 -
climatic chamber (with humidity - o
control) 305

. . 30 T T T T T

The amplifier was located outside o w0 a4 0 a0

the chamber, connection via a
special 18 GHz ft
50 Q cable
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dynamic measurements-7
IRST D1

s S0OC
12 = 40C

2 1 /"/" 200 Temperature
] 20C
S . x / - |Dependences - 2
- ¥
E_ B e OO
= // — Linear (50C)
E" & | ime=mr CAN™
weo, IRST D1,VBDvs T
3.5
0 ' ' ' 39 y = 00719y = 77 477 o
28 30 32 34 > 205 /
Bias voltage, V % 30 !/
© 705 « VBDwT
% 29 /., . —Linear (VED v& T]
% 285
f
~ 28
27 T T T T T
0 10 20 a0 40 a0 G0

Temperature, T
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dynamic measurements-8 Temperature

dependences - 3
IRST_D1, Dark count

10

i -

8
E 7 « Dark count OC
= 6 s m Dark count 10C
] _ Dark count 20C
2 j i . Dark count 30C
ﬁ ; * k. + Dark count 40C
= ; . s Dark count 50C

E [ ] - i

1 b - m 5

0 | reteiv sy~ @

0 1 2 3 4 5 5

Overvoltage, V

28 June 2007 G. Pauletta: PD07, Kobe, Japan 19



The following are static measurements performed at
ITC-IRST and reported on at a recent (June 13t 2007)
workshop at Perugia
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Normalized Count

C. Piemonte et al. “Characterization of the first

prototypes of SiPM fabricated at ITC-irst”

IEEE TNS, February 2007

1.0

01+

Voltage (V)

04 |

0.9
08 T=220C
0.7
0.6 1
0.5
0.4
0.3 -
0.2 1

0.1

0.0 Soo

.."&.h..w"

m"o‘o*.. o0 ‘..

-2.0E-09

-1.5E-09

-1DE-09
Charve (V*s)

-5.0E-10

0.0E+00

-0.2

0.3+

07

=

100ns

<+—>

100ns

«—>

0 1e-07

2e-07 3e-07 4e-07

Time (s)

5e-07 6e-07

Well defined peak of the

single pulses.
Gaussian distribution width
determined by:

- noise of the system
- tiny gain non-uniformities

Talils due to:
optical cross-talk + afterpulse
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4.0E+06

Performed In t[Qe climatic chamber. Devices frorrgme third batch

3.0E+06 e
e 5C 35E+06 1| . oo
2 5E+06 - o
e 3.0E+06 1| = 15°C
20E+06 7 +15 C 25E+06 B ™ 250C
—+25°C
+06 - 2.0E+06 -
1.5E+06 -
+06 -
1.0E+06
+05 1 5.0E+05 -
+00 T T T T T T T T : 0.0E+00 T T : : ‘ ‘ :
o 1 2 3 4 5 6 7 8 9 10 285 295 305 315 325 335 345 355
Over-voltage (V) Bias voltage (V)
31 2.50E+06
30.5 1 1 2.00E+06
* Vhd + 1.50E+06
7 |m Gain
+ 1.00E+06
y = -40375x + 2E+06
-+ 5.00E+05
y = 0.0765x + 28.833
28 \ \ \ 0.00E+00
-10 0 10 20 30
Temp. (C)
22
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G AMPL

3.0E+06
2.5E+06 -
2.0E+06 ~
£
< 1.5E+06 -
o
1.0E+06 -

5.0E+05 +

Gain and Dark count
0 T T » measured on devices
from the same wafer

0.0E+00

DC

4.0E+06
3.5E+06 - .
—~ 3.0E+06 -

00E+00 = ‘ ‘ ‘
0 2 4 6 8
Over-voltage (V)
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Optical cross-talk

L i e | L

_01_Mﬁ” | fﬂ” ”I{‘w Short integration time

n v = only single/double/....pulses
: N | are counted
s |l 5 d s+a+a

0.4 |

i Number of events with

_D'-?e-U? 6 1el—0? 2e-0? 3e'-0? 4el—0? 5el—0? 6e-07 Optlcal CrOSS'talk Increases

rime with voltage
1400
1200
1000
double peak

Cross-talk below 5%
at 4V over-voltage.
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Events with after-pulse
measured on a single micropixel.

Voltage (V)

The amplitude of the after-pulse
Increases as the cell recovers to
el Its opertional condition

-0.3 A T
0.16
-0.35 ‘ ‘ ‘
-1.0E-08 1.0E-08 3.0E-08 5.0E-08 0.14 -
. & Tint =60ns
Time (s) Tint = 100
0.12 ATint= ns

After-pulse probability vs bias

y=0.0067x - 0.4218x + 6.639

o
=
o

y=0.0068% - 0.4259x + 6.705

Afterpulse/pulse
o
o
[}

It increases following a
parabolic law:

o
o
>

0.04
})a T })c ) })01 0.02 -
/ \ 0.00 : : ‘ ‘
. . . 31 32 33 34 35 36
linear with Vbias linear with Vbias Voltage (V)
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Photo-detection efficienc

Two methods: DC current and Pulses count

- light — ldark
'i_lJ NdEt. photons [s7] = q-G
(2) Ndet. photons [s™] R'atelight o Ratedﬂfk

N

detected phot
PDE = etected photons be curr
Nincident photons with light
DC curr.
. .
Reference by calibrated detector wo light
(photodiode)
_ A
incident photons [s7'mm™] (P[memz]m
I
— [A]
q’[wsmmi] = ‘f"[wm]s—
[mm?]
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PDE=QE*Pt*Ae

QE=quantum eff.
P.=avalanche prob.
A =area eff.

short 4. jow PDE L
low PDE because 1 1 1 1
because owQE IEEEEEE/| 0|
avalanche g/
triggeredby N\ T/ e
holes 50 - iffff;;gnul e T
0L . |——=SmuARC| ' 1 N
C. Piemonte: June 13% 2007, Perugia . ‘ ‘ |
300 400 500 600 700 800

Wavelength (nm)




last batch

IRST

IxImm  2x2mm 3x3mm (3600 cells) Ax4mm (6400 cells)

iIncreased fill factor:
40x40mm => 44%
50x50mm =>50%
100x100mm => 76%;

Circular Array
(1.2 mm —
P EEEEET N diameter)

IR 131
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First signal and noise characteristics of the last devices

Noise and charge resolution

1x1mm? SiPM with 40x40um? cells Charge spectra at different
Voltages with the same light
T=5C m Intensity (pulsed)
3.5E+06 33
3.0E+06 - 5 5C GAN 9.5p
2.5E+06 - e 5C Dark Coun
2.0E+06 - 32.5
1.5E+06 - 8p e
1.0E+06 -
32
5.0E+05 -
0.0E+00 ‘ 6.5p.e
29 30 31 32 33 34 35

315
5.0E+06 741—52—0_(:—
4.0E+06 . | © 20C GAIN ° SpJeﬁM‘j\/\A)\jL\A

e 20C Dark count ° 31 A
3.0E+06 - °
2.0E+06 | 3'5p'e'

30.5 ‘ ‘ ‘
1.0E+06 7 _1.50E-08 ~1.00E-08 -5.00E-09 0.00E+00
0.0E+00 ‘ : ‘ ‘ Pulse Area (Vs)

30 31 32 33 34 35 recalution limited by electronic noise

C. Piemonte: June 13% 2007, Perugia 29




28 June 2007

applications

G. Pauletta: PD0O7, Kobe, Japan

30



Characterization of SiPMs (1 mm2from second
batch) used for preliminary at Fnal test beam

ol ol ol ol o)
Visual inspectons (SiDet) and dynamic tests at ééfﬁ
lab 6 prior to use of SiPMs in Test Beam s
yielded results compatible with IRST s
measurements: .
Ve=341V

Gains between ~1 and 2 x 10¢

ADC3 I ADCE

Entries 5004

2 SE+06 240 Mean T3.68

dark count vs. bias ] 220 s =
2 OE+06 200
180
160
140
120
100
80
&0
40

1,5E+06

Counts/s

1,0E+06

5,0E+05

T T T T T T T D,DE+DD
345 350 355 360 365 370 -3T5 380 385 20

Tensione (V) SiPM_2,2

=
&

60 a0 100 120 140

e
=

20 JUIIE ZUU [ w. rauicua. PD!



Preliminary study of Scint. Strip viewed by IRST SiPM at
the FNAL test beam

T956 neutron counter arrays Fitting with
/ S1PM and amplfier

wlg fiber

~ Counter readout on
_|.---"" both ends by SiPMs

polystyrene scintllator bar

Beam (12 GeV
protons)

Fitting with

SIPM and amplfier

Bias = -36V (AV=2V)

OF D 3| Data with 120 Gev proton - beam
b Lntries 1000
F Mean 3276
0E W 1803 N, ,=65pe.
b DR 0.000 p-e P
: OVFLY 1.0 =999,
nE ALLCHAN 9330
15 — N, ~1.5MHz
0E G~1.6x10°
5F
: [ R N A TR M T A TN A N N el “"T‘ e [
% 20 a0 5090 800 e - PDO7, Kobe, Japan 32
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T956 neutron counter arrays:
64 scint strips each ™. e
(read out by wls fiber ‘

and MAPMTs)

Beam (p,m,e)

Future work at fnal

////

Add oné€ plane

of scint strips read Whole assembly mounted on
out by WIs fiber and movable (x,y) support
SiPMs

Scintillator strips : 4cm x 1cm x (1 — 2 m), read out by wls fiber. Groove for fiber
extruded with scintillator .

28 June 2007
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Tiles used for
Ts/Ud tests

« Dubna scintillator +
keyhole/double-spiral
groove + 3M super-
reflector

- Kuraray fiber achieved
37 pe/MIP without

optical glue, 44 pe/MIP
with glue.

- Lose x3-4 along optical
path to PMT
(attenuation+splice+

connector) 5

Splicing WSICF

28 June 2007 G. Pauletta: PD07, Kobe, Japan
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Performance (MIP)

with
PMT

and

SIPM

28 June 2007

260

200

150

100

1]

i n :
'Ilm'— | =
oonal 16 pe/MIP after
2 full optical path -
2 1000 [ Z
] | 1
© 800-— L 3
¥ w0l |
E : i
El . |
= 400 - ]I_ g 8 -1
E L 1
m'-:-l. [ L--. 1
: e AN T L |
ul] 5000 10000 15000 20000 25000 I0000 35000 40000
ADC Counts
Run 020143
- L T T N |_LI|-L‘-|—I- ez ey e b e [l geey o
&0 80 100 140 140 160 180 200
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Fiber application study: Fiber Arrays

[5 layers of 0.5 mm
diameter Fibers]

« Fiber Array mapped via a Template on a6
channel multi-anode photomultiplier HE568

+ Asecond Fiber Array equipped with SiPM
(8 channels, each corresponding to 2 of the
adjacent channels of MAPMT)

The 2 arrays are accurately superimposed and
aligned in a PS test beam (T11)

28 June 2007 G. Pauletta: PD0O7, Kobe, Japan
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