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Fondazione Bruno Kessler
Custom Silicon Photomultipliers

Detector-grade clean-room, 6
inches, class 10 and 100
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Private Research Foundation

« ~400 researchers in different fields,
ranging from Microelectronics to
Information Technology

* 50% funding from local government

* 50% self-funding rate

| f v o « 25% from publicly funded research
P Silicon Photomultipliers account for a significant * 25% from collaboration with
portion of the detectors fabricated here. companies
FBK is typically mterestgd in R&D activities and C(.)I.Iaborafuon's to improve and #“m LFOUNDIV
customize SiPM technology for specific applications. B8 ®  Solutions
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for great visions

Large area productions can be carried out in FBK (up to ~5 sgm) or relying on @
external partners: success stories of technology transfers. €@ BROADCOM
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Fondazione Bruno Kessler
Custom SiPM technology roadmap
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FBK SiPM technologies
Typical Applications

The traditional application of SiPMs is the ToF-PET. In addition, thanks to the constant improvement of SiPM
performance, they are being evaluated in the upgrade of several Big Physics Experiments.

[ Positron Emission Tomography J [ Big Physics Experiments ]
TOF-PET , ' Astrophysics
Probability distribution e and space |
along LOR ——
PET =

Probability distribution
/ along LOR

- o

A
v

Examples of Big Physics
experiments FBK is
currently working on.

Position of gamma
emission

— ( .5 HEP experimentsj
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NUV-HD SiPM technology
Timing performance

NUV-HD SiPMs provide state-of-the-art performance for single photon
detection, timing and for scintillation light readout. .
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2V 7 \\_/ University
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. /7 ~OvV=2V Timing with High-frequency readout (FWHM)
60% [ / -+-QV= 3V
o r -+ QV= 4V 2 2
: 3% ©OV= 5V 210 FBK NUV-HD 4x4mm?, 40x40um* SPAD + LSO:Ce:Ca
o F o o 0V= 6V I
50% [ Y 0 . OV= 8V / 140
. i =2 ® +-0V= 10V X
X o L ’ O , ! m 170 Fa - L 2x2x20mm? 1.5GHz: CTR _ =98ps FWHM
W 40% f Reduction of Q g % 120 min
w - .' = . NINOASIC . 3
e - PDE because = e o g
% [ 0 of limited T _ e e g T
30% T thickness of E 130 poor = 100
. .- epitaxial layer e ot L
20% [ 4 (few um) P_: HF-AMP p—— = 80 |
: ‘ e (% 901 Ttesesseversttt O 2x2x3mm® 1.5GHz: CTR _=58ps FWHM 1]
0, [ 1 1 L 1 3 JI - T
10% FBK NUV-HD, 4x4mm?, 40pm @ 38V 60 AT ¢
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Gola, A et al. (2019). “NUV-Sensitive Silicon Photomultiplier Technologies Developed at leading edge threshold [SPAD amplitude] leading edge threshold (mV)

Fondazione Bruno Kessler.” Sensors, 19(2), 308.

World record timing resolution: Single Photon Time resolution (SPTR, left) and Coincidence Resolving Time (CRT) in
LYSO readout (right).

Gundacker, Stefan, et al. "High-frequency SiPM readout advances measured coincidence
- time resolution limits in TOF-PET." Physics in Medicine & Biology 64.5 (2019): 055012.
-3¢



- Ongoing R&Ds to optimize
timing performance B
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Masking PMIL:: ...
Optimization of SPTR with masking: CHK-HD

CHK-HD SiPMs is a variant of the NUV-HD SiPMs built to experiment solutions to improve SPTR and detection efficiency in
applications where it matters the most, such as Cherenkov light readout.

« Masking of outer regions of SPAD: Improve signal peaking and mask areas of SPAD with worse SPTR

« Changes to the Electric field: low-field + different spectral response N
SPTR FWHM (ps) vs Laser position (mm)

NM
( Improvement of 50 ps with CHK-HD
BGOs coupled to Si 31(30 ThinM)
NO maSK 1T +—data *—data
(N OM) fitted curve ——fitted curve
1000 ¢ —— FWHM 600 —— FWHM
Cell border .Active area || || Metal mask FVTM 500 | FWTM
800 -
SPTR FWHM (ps) vs Laser position (mm) 30 i= 400
167.05 -W13-NoM o 600" FWHM FWHM
P 25 —W13-ThinM © \ 300
- - S20 4 W13-ThickM 400 357 ps ; 309 ps (-48 ps)
s . 3x3x5 mm-* BGO
L El Increased capacitive ! T
167.03 L g1 couplmg FWTM 860 ps FWTM 761 ps
160 > \“’"‘*—’“‘ """"""""" 4000 3000 2000 -1000 0 1000 2000 8000 3000 2000  -1000 0 1000 2000
167.02 160 0 —— time diff (ps) PR _ g 139.41 t5ime diff (ps)
35 45 - 55 65 ’ 13 41 39. VY. T
1994 T 19942 Time ne) CRT measured at UCDavis using 3x3 2 CPIK-HEaSIEMSRAR90 U cell, reading out x5 mm?3 BGO
Masking of outer regions of the Increase of fast component of single photoelectron ~ crystal. .
SPAD that have worse Iocal SPTR. signal in accordance with masking extension. Measured with standard FBK Presented by Sun |l
transimpedance amplifier. |J| Kwon at NSS/MIC 2021
- :( Nemallapud| M. V., et al. "Single photon time resolution of state of K maaroral Teaaout J
the art SiPMs." Journal of Instrumentation 11.10+2016): P10076: I



PMI:sS:  UCDAVIS

IMAGING SYSTEMS

Masking
CHK-HD measurements with upgraded amplifiers

SPTR performance is highly affected by the front-end electronic performance: studies with different readout electronics.
3x3 mm?2 CHK-HD SiPMs, 40 um cell.

( High-frequency readout J

SPTR (PbF, method) 2x2x3 mm?3 BGO (Epic) 3x3x20 mm?3 BGO (Epic)
200 - double Gaussian: 1 | 10} double Gaussian: / N single Gaussian: ] 103 | double Gaussian: single Gaussian:
FW2M = 64.1 ps FW2M =122.1 ps FWHM = 133.2 ps FW2M = 242.8 ps FWHM = 334.7 ps
ouEGe roaenede (N g onre
FW100M = 186.0 ps l = .8 ps = 9ps £
>150 I s 8048 ' single Gaussian: ~. 102} G1=105.9ps (60 % SS CTR 122pS ~. 102} G1=1952ps (39 %) CTR 243 pS
Xl= % - s — . % G2= . %1
% FWHM = 65.1 p % Srizzgjl;pzs (40 % FWH M § 858.1 ps (61 / M
£ e 181 ps | b 10' | - £ 10’ Wil
50 r ] : ‘ ;
-1100 0 100 200 300 -500 0 500 - -3000 -2000 -1 H 0 100 | 2000 3000
A T [ps] A T [ps] A T [ps]
SPTR, . =165°—47°=21°=39.6 ps Measurements by S. Gundacker,
presented at FTMI 2022 workshop
o ( Effect of electronic noise
| D .
on SPTR'is deconvolved. o Gola - FBK SiPM Roadmap for timing - ULiTiMA 2023 13/03/2023 I 8




Segmentation
Effect of SiPM area on SPTR

SPTR and CRT performance is degraded when reading out SiPMs with large areas.

A possible solution can be the segmentation of the active area into small pixels, with separate readout, followed
by signal summation or combination of time pick-off information.

e,

<

J

SPTR with standard FBK amplifier J o
( . [ Strip SiPMs ]

500 . . . . l . . 500- T T T T TTT] ]

STV m'_\m_' NENNENNNNN
7 40 \3;;1;;;“
& ol \ Increasingool- 4
= \ SiPM area [ :
B X 4 =f o |
= 250 N e ST 10 strips :
£ ol e B 0.32 x 3.2 mm? Test vehicle to study
£ 150} :\EiPM i ] each, no dead border effects of segmentation
E [ ) - ) between strips
i S iy o ~75 ps -

50 cell P — o . -

L ~ ps_
0 L

o 1 2 3 4 5 6 7 8 9 10 11 12
excess bias (V)

SPTR vs. excess bias for different SiPM sizes, with traditional
amplifier.

Example of segmented SiPM layout: a 3x3 mm2 active area is

Acerbi, Fabio, et al. "Characterization of single-photon time resolution: from single SPAD to silicon divided in 10 0.3x3 mmz2 strip-SiPMs.
photomultiplier." IEEE Transactions on Nuclear Science 61.5 (2014): 2678-2686.

Alberto Gola - FBK SiPM Roadmap for timing - ULiTiMA 2023 13/03/2023 I 9



Segmentation

SPTR of a 1x1 mm? CHK-HD with masking

PHYSICS OF
MOLECULAR
IMAGING SYSTEMS

A 1x7 mm? CHK-HD, with masking, was measured at Aachen (S. Gundacker) with high-frequency readout,

achieving a remarkable Single Photon Time Resolution of 28 ps FWHM.

4/High potential of achieving\
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ultimate timing
performance thanks to
segmentation
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28 ps FWHM

(= 8.4 mm single
shot resolution
in LIDAR)
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SiPM bias voltage (Ub=32V) [V]

Not corrected for electronic noise
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Optical Crosstalk
Worsening of the performance of the detection system

Optical Crosstalk worsens the performance of the detection system both by limiting the maximum excess bias
that can be applied to the SiPM and by worsening the photon time of arrival statistics.

)

( Limiting the maximum excess bias
Breakdown | 1e« I
voltage

Useful operating region

6

8 10 12 14 16 18 20 22
OverVoltage [V]

Divergence of
correlated noise

\ SiPM cannot be

operated here

Above a certain over-voltage the number of dark
counts and, thus, the reverse current diverge.

 [ower PDE, Gain.

 Worse SPTR

-3¢

ECF =

1 — Pcpy

Geometric series approximation
of the Excess Charge Factor.

( Worsening of the Few Photons Time Resolution J

excess bias =74V

Optical
Crgsstalk

Normalized counts

1.2 1.3 1.9 1.5 1.6

1.7 1.8 1.9 2.0
Time (ns)

Few-photon time resolution measured with Leading-edge discriminator

Additional peaks are most likely generated by (delayed) correlated noise.

Acerbi, Fabio, et al. "Characterization of single-photon time

resolution:‘fromesingle SPAD to silicon photomultiplier." IEEE I
Transactions on Nuclear Science 61.5 (2014): 2678-2686.



Optical crosstalk
External Crosstalk

Optical crosstalk probability is enhanced by the presence of the scintillator. external crosstalk.

-3¢

LY SO crystal

Teflon wrapping

A

1

Crosstalk

SiPM
active area

\

Lightjemitted
during §Malanche

Dark Count

Mechanism of optical crosstalk probability
enhancement because of the scintillator.

1
1 —Pcy

ECF =

Geometric series approximation
of the Excess Charge Factor.

Gola, Alberto, et al. "SiPM optical crosstalk amplification due to scintillator crystal:
effects on timing performance." Physics in Medicine & Biology 59.13 (2014): 3615.
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Reduction of optical crosstalk
NUV-HD-MT development

©® BROADCOM

Starting from the NUV-HD technology, FBK and Broadcom jointly developed the NUV-HD-MT technology,
adding metal-filled DTl isolation to strongly suppress optical crosstalk.

Other changes: low electric field variant, layout optimized for timing.

Microcell (SPAD) of SiPM

Metal > _
Connections » i Direct Crosstalk
Quenching a0
resistor e
35% == NUV-HD-MT
30% ——NUV-HD
: : M. 25%
ngh-flelo*ﬁ,lon G 20% >10x
- reduction
]
: 10%
Active layer - '_.—.M—'—"’"’
0%
0 2 4 6 g 10 12 14 16 18 20 22 24 26 28 30
! i Excess Bias [V]
N .
~ few pm Metal-filled DTI
. . . N Reduction of optical crosstalk probability in NUV-HD-MT, compared to the
Conceptual cross-section of a NUV-HD-MT microcell, with the addition “standard” NUV-HD. Measurement without encapsulation resin, i.e. only
of metal-filled Deep Trench Isolation. considering internal crosstalk probability.
|
=14
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Reduction of optical crosstalk © BROADCOM
NUV-HD-MT bias range

Reduction of optical crosstalk probability increases maximum usable excess bias of SiPM, also with the
scintillator on top of the SiPM.

Increase of excess bias more than compensates the slight reduction of Fill Factor caused by the addition of
metal inside the DTI.

Reverse |-V

Usable range
NUV-HD 4" .~

-

-Usable range

~" NUV-HD-MT

I [A]

NUV-HDgMT

----- NUV-HDJMT + LYSO 3x3x5
I

----- NUV-HDJ LYSO 3x3x5

1E-8
1E-S t I
-4 -2 0 . 4 & g8 10 12 14
Excess Bias [V]

. .
1 18 2

PDE at 420 nm

[ g 10 12 14 16 18
Excess Bias [V]

Reverse IV measured on a 4x4 mm2 NUV-HD-MT SiPM with 45 um cell pitch

under different conditions.

-3¢

PDE at 420 nm measured on a NUV-HD-MT SiPM with 45 um cell size.




Reduction of optical crosstalk © BROADCOM
NUV-HD-MT PDE

NUV-HD-MT is based on a p-on-n junction, thus peak PDE is around 390 — 420 nm.

Thanks to the very high maximum excess bias, also PDE in the red (avalanche triggering by holes) approaches
saturation.

NUV-HD-MT 45 pm NUV-HD-MT 45 pm
70% 70%
- 4“;’13‘3 1 [ -e--§-=8== Ay A 1‘.‘-’-’.-‘*‘:"_‘::’3:‘::’:’_
60% [ 87~ ‘~!f-. Traell 2 60% | POy o= oo iaie 2R Sk oo S S S
5 KWl 4 : o il
50% F ‘“*u.,_::-.::f:::,_“ —e-8 50% [ /;’/::,»"
- e el ; o,
L 40% | T N ~e-l L A0% '/::/.’
a | S e T -®-16 o - .
& 300 [ el el -] —e-20 300 [ & - -39 nm
E I SR 3 4 ---420 nm
20% F “==n.9 20% [
[ C - -435 nm
B - W
10% F 10% F . 500 nm
: 3 630 nm
0% Lo e e e 0%
350 400 450 500 550 600 650 700 750 0 5 10 15 20
Wavelength [nm] Excess Bias [V]
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Reduction of optical crosstalk
NUV-HD-MT electro optical performance

£ BROADCOM

NUV-HD-MT nuisance parameters are better represented and compared as a function of the PDE.

DCRvs. PDE

NUV-HD-MT 40 um
- @ -NUV-HD-MT 45 um

94
- @--NUV-HD-MT 50 um ?
i

I

-@--NUV-HD 40 um

60 B ‘.:f
-
40 Frmmm————— o= 2 —— - 40 kHz/mm?2
Pl
0 B 1 1 1 1 1 1 1 1 1 1 1 1 1
30% 40% 50% 60% 70%
PDE

DCR vs. peak PDE (measured at 420 nm) for different cell sizes of the NUV-HD-

MT technology.
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S 20% |
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10% [
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0% £
35%

DiCT vs. peak PDE (measured at 420 nm) for different cell sizes of the NUV-HD-MT technology, with

Direct Optical CT vs. PDE

Also

NUV-HD-MT 40 um

30% |

--®--NUV-HD 40 um

- @ - NUV-HD-MT 45 um "
- -@--NUV-HD-MT 50 um /

NUV-HD-MT (glass) 40 um ,.r‘
- -®--NUV-HD-MT (glass) 45 um .
- -@--NUV-HD-MT (glass) 50 um R P

/. ‘,”
il ‘,.;,
’
praseee .o

i External
CT

Internal
| CT only

45% 50% 55% 60%
PDE

and without protective glass on top of the SiPM (used for TSV)

65%

70%



NUV-HD-MT
CTR with LYSO:Ce,Ca

The increase of usable excess bias with scintillator allows better exploiting the maximum PDE of the detector
and achieving higher Gain and lower SPTR.

NUV-HD vs. NUV-HD-MT NUV-HD-MT, MO maskin
g
4x4 mm? 3x3 mm?
P— [ Lysocace | 14 PMI 5
70 £ @ ® NUV-HD-MT-LF-MO 3x3mm?, IMAGING SYSTEMS
. ‘\55‘ ® LYSO:Ce,Ca 3x3x19mm?
: . NUV-HD-MT 40 um 4x4 < -HD-MT-LF-MOQ 3x3mm2, 3
@ 150 f S\ ° e _ 120 ¢ o . E\EJ;IDI?ICDEE; ;x2x3mr$13mm /3X3X19 Mmim
o F X ® NUV-HD 40 um 4x4 mm a §
140 " AN [— i § _
;130; L = 1001 94 ps S5, ;
120 | x o 3x3x19 mm?3 §
5110 f res 1 L 801 g4 2x2x3 mm3
100 - o0 E "
C o
90 | 30 ps FWHM \~<’;‘7‘2‘ ~ 604 54 ps il
: I y=3 T 111~
go L— L A

0 5 10

-15 20 @ 80 mV threshold
> Excess Bias [V] Divergence of 4032 3'7 4'2 4'7 5'2
[Standard FBK ampllfler] correlated noise
SiPM bias voltage [ High-frequency readout ]

Comparison of CTR measured with 3x3x5 mm?3 LYS0:Ca,Ce coupled to NUV-HD and

NUV-HD-MT using the standard FBK transimpedance amplifier. CTR measured with a 3x3 mm3 NUV-HD-MT SiPM, with MO masking, COUPLED TO
- ( 2X2X3 mm?3 and 3X3X19 mm?3 LYSO:Ce,Ca, using the high-frequency readout.
— 2



PHYSICS OF
MOLECULAR
IMAGING SYSTEMS

NUV-HD-MT PMI

BGO CTR with masking and high-frequency readout
SPTR optimization is even more important in photon-starved applications, such as Cherenkov-enhanced BGO
readout.

SPTR is improved thanks to high-gain, masking, high-frequency readout. In addition, high PDE allows the
collection of more prompt photons.

2x2x3 mm* BGO (EPIC) 3x3x20 mm? BGO (EPIC)
10% . _ I r
double Gaussian: N 103 pS FWHM " double Gaussian: 202 pS FWHM
- FW2M = 103.2 ps ‘i/ - FW2M = 201.8 ps
| FW100M ~ 4402 ps / 33% with 87 ps ' FW100M = 18880 ps 46% with 174 ps
= 86.5 ps (53 % an G1=174.2 ps (46 % an
510 Sazznaapeiro9 /)| |[|[|1|\ 47% with 201 ps 510° 1 G220 pe (54 %) 54% with 920 ps
& - dm= 1.9 ps Z \ : GCJ - dm= 3.0 ps ,ﬁ-! ‘~\
2| = | A N l
& i i N 4
| A N NUV-HD-MT-MO
10| '5 3x3 mm?2
e ?

-500 0 500 -1000 -500 0 500 1000
A T [ps] AT [ps]

- :( Measurements by S. Gundacker.
Presented at NSS022 (M-02-04) I




Light concentration

Metasurfaces and Metamaterials

INSTITUT o~ E
2R c@
VAR [N
B

FBK investigated the possibility of using nanophotonics to enhance SiPM performance in the context of the

PHOTOQUANT ATTRACT project.

« Metalens-based light concentrators can work similarly to microlenses to enhance SiPM PDE.
* Potentially compatible with CMOS planar processing.

EATTR ALCT 93% of incident light concentrated

In < Tum spot diameter or <5% of total area

FWHM, =950 nm

4
11,

2

0

Experimental metalens designed and fabricated 4x4um Nb,O metalens with refractive index gradient
introduced by holes of varying diameter, (joint ATTRACT project CERN, FBK, Institut Fresnel.)

E. Mikheeva et al., CMOS-compatible all-dielectric metalens for improving

|
- : ( pixel photodetector arrays, Accepted in APL Photonics

Metalenses / Microlenses to
enhance timing performance

* Increase sensitive area of SIPM up to 100%
Fill Factor

»  Achieve same PDE with smaller active area
- Smaller output capacitance

- Better SPTR

SIPM

SPAD #1 SPAD #2 SPAD #3



2.5D and 3D Integration EE?I | PC E I

FBK IPCEI clean-room upgrade on Microelectronics

FBK is part of the IPCEI on microelectronics project (Important Project of Common European Interest - €1.75
billion total public support, 12 M€ to FBK).

The goal for FBK is upgrading its optical sensors technologies, by developing TSVs, micro-TSV and Backside
llluminated SiPMs. This will allow high-density interconnections to the front-end and high-segmentation.

Customized TSVs will be optimized to preserve the
NUV-HD electro optical and timing performance.

( New clean-room under construction for 3D integration ]

G TSV SiPM D Segmented D 3D-integ rated SiPM\ __1 Sensor FEOL 2. TSV and Wafer
p

1 roduction preparation for
S' P M 3D integration

FEOL Wafer Grinding

Q m Come ba,SlE(éi Wafer Bonding -y W
‘O CRMEMS o
1 channel
channe 1 channel Tens of channels Dicing & Readout
integration
k (MEMS) % 3. Sensor
integration to
electronics
Range of technologies being developed within IPCEI .
— The future system composed of 3 research clean-rooms in FBK.
o 14 |



2.5D and 3D Integration Ei:il | PC E I

TSV - Via mid: process flOW on Microelectronics

In the via-mid process, the TSV is formed during the fabrication of the SiPM, modifying its process flow.

« SiPM fabrication + TSV formation  (Contacts formation

N\

 NO-DEBONDING

e T T

Thickness 10-50 um

« Edge Trimming + BONDING /

« DEBONDING

I b e e 1

Thickness at least 150 um

T ooy

concept
500 um SiPM pitch

 THINNING

Standard TSV
microTSV
50 um SPAD pitch

L
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2.5D and 3D Integration EEEI | PC E I

TSV - Via mid: fil‘St reSU"ZS on Microelectronics

Preliminary results on TSV via-mid development, with partial SiPM process, to check isolation and continuity
(no Geiger-mode multiplication).

SPAD SiPM trenches Ty ISV isolation At -100 V of bias applied the
trenches intensity varies from 30 to 200 fA

¥

N\

N \

" / Silicon
thickness: Trough Silicon Vias — Via Mid are
150 um isolated from the bulk silicon contact
o 4.0x10™
Back Metal Pads -
3.5x107"° S
3.0x10'13—_
2.5x10'13—_
gz.o»qo-”—_
B 1.5x1o-13—_ 22822
1 0x101 - VK‘“; Q /"’r{gug.,cy’/‘f
5.0x10™ - g
0.0—-
[ —1IOO E;O —éO 4:0 2IO (I)
=



2.5D and 3D Integration
2.5D integrated SiPM tiles

In the short and medium term, medium density interconnection seems the sweet spot to obtain excellent timing
performance on large photosensitive areas while not increasing complexity and cost too much.

In the PetVision EU Pathfinder project, we will build a Photon Detection Module (PDM) in which SiPMs with
TSV pitch down to T mm are connected to the readout ASIC on the opposite side of a passive interposer, in a

2.5D integration scheme.

( Integrated Photon Detection Module J Core partners of the PetVision project:

—

miniSiPM ~ o0 ) "
N || G G — — — — :.. Jozef Stefan Institute 69 Icc U B
— SiPM array ® Institut de Ciéncies del Cosmos

AT | s |
I AU N« —  PCB Interposer

_ _ — FEE ASIC

1 - 3 mm interconnection pitch

0NCO
UISION

' MASSACHUSETTS
NGy GENERAL HOSPITAL

Hybrid SiPM module being developed for ultimate timing performance in

|
— :( ToF-PET I



:. ° Jozef Stefan Institute 6& |CC U B

2.5D and 3D Integration A i Onco
2.5D integrated SiPM tile for timing @ cxeracnosine @ ision

The 2.5D integrated PDM (50x50 mm?) will be the basis of a 30x30 cm? ToF-PET panel, which will be used to
build limited-angle ToF-PET systems, for brain PET, Cardiac PET and full-body scanners.

Thanks to small SiPM capacitance and enhanced signal integrity, we expect very good timing performance. This
Is supported by preliminary results achieved with NUV-HD SiPMs coupled to FastIC ASIC. &ICCUB

800 | Institut de Ciéncies del Cosmos

Modular scanner 700 SPTR sigma = 64.39 ps
¥ Limited angle 600 FWHM G = 15162 ps
% » 500 SPTR 151 PS SPTR sigma = 59.39 ps
~ < 200 mUGHE = 21668
=- > mu G+E = 21.
= Yo — 8 300 FWH M
Current scanner ~ igg
Fu"'" R"ng g 80 0 20 21.0 2 22.0 22 23.0
: .5 1. 1.5 : .5 :
Delay (ns)
Application of the PDM to build large panes used in new, limted-angle PET applications: Brain Pet, Cardiac PET, while-body 2%2x3 mm3 LSO:Ce.Ca ]
PET ’ ! /Cpincidence Time Resolution
1200 __ CTR Gaussian Fit
FWHM = 76.43+/-0.38 ps
1000
£ 800 |
g s CTR 76 ps FWHM
200
0 L
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Delay [ns]

SPTR and CRT measured at FBK NUV-HD-SiPMs read by the FastIC ASIC
developed by ICCUB.

Sensor: NUV-HD-LFv2 SiPMs, 3x3 mm?
Scintillator: 2x2x3 mm3 LS0O:Ce,Ca
Power-consumption: 3 mW / channel

Conceptual drawing of the
PDM under development

-5¢



2.5D and 3D Integration
Full 3D integration with micro TSVs: Hybrid SiPM

FBK is investigating the potential of microTSVs to achieve single cell connection. While complexity of the
system increases, it might provide ultimate timing performance.

o il
s &
START o =
. ' . story (1) |TDcF<oe> & &
( Hybrid SiPM J [ ~50 um SPAD pitch ] > gc ]'
10-b
o Pixel
H}gz:;gr ENT-c[I.d_ FIFO N Dl:t:
PR E % g Diata 1
— SPAD array e S A~
In-pixel c Sl= z
Discriminator o O||N
8l5|5
T E =[] =
o |
L FEE ASIC RESET EX8 o In-Pixel FSM
| 3 ¢

* FBK can apply all the know-how on system architecture already developed

in the filed of digital SiPMs. IEEEE

 Finally solve the duality between analog and digital SiPM: Hybrid SiPM ol of dSiPM architectur
concept - get the best of both worlds. developed at FBK (SBAM project)
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2.5D and 3D Integration Ei:il | PC E I

Backside llluminated NIR SiPMs: process flow on Microelectronics

BSI development started on N/R-sensitive SiIPMs = no need to create a new entrance window on the backside
with high efficiency in the NUV.

1. SiPM Wafer 4. Backside processing

2. Temporary Bonding

3. Grinding & Polishing 6. Wafer Debonding &

=TeSESTESTET—T

|
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2.5D and 3D Integration
BSI NIR SiPMs: first results

The first NIR-sensitive BSI wafers were fabricated in
FBK clean room (1x1 mm?2 devices).

Minor differences in the IVs after thinning,
compared to the FSI devices (without thinning).

Ultrathin substrate (~ 10 um)

NIR BSI process
Is working!

P

i |PCE|

on Microelectronics

é NIR PDE comparison at 905 nm ]

% 3

BSI BSI — metal reflector

FSI

20.0%

15.0%

PDE

10.0%

5.0%

0.0%

_T'%'

25.0%

- -BS| - metal reflector

—A-BSI

——FSI

time <10 ns

( Recharge j

Overvoltage (V)
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2.5D and 3D Integration C

Backside llluminated NUV SiPMs

The next-generation of developments, currently being investigated at FBK, is building a backside-illuminated,

NUV-sensitive SIPM. Several technological challenges should be overcome.

Clear separation between charge collection and multiplication regions.

- Sensor layer (Custom)
; — SPAD array

Potential Advantages: " I

« Upto 100% FF even with small cell pitch I S
» Ultimate Interconnection density: < 15 um /NLEA
Gurad ring e

- High speed and dynamicrange @ = Guradring = ¥ -See SEE_ Sooo

« Low gain and external crosstalk Photo-

« (Uniform) entrance window on the Ejgftrf';f Collection Region
backside, ideal for enhanced optical stack &
(VUV sensitivity, nanophotonics) Trench ™ | e ——————

« Local electronics: ultra fast and possibly Back Side

low-power without TSVs.
Light Entrance

New BSI-SiPM structure

Radiation hardness:

« The SiPM area sensitive to radiation damage, is much smaller than the light sensitive area
« Assumption: the main source of DCR is field-enhanced generation (or tunneling).

-3¢

=

— FEE ASIC

| |
[—

10—20um

Development Risks:
« Charge collection time jitter
* Low Gain - SPTR?

« Effectiveness of the new
entrance window



Thanks to all the members of
the team working on custom
SiIPM technology at FBK:

- Fabio Acerbi
r « Andrea Ficorella
- Stefano Merzi
Thank 0L||  Laura Parellada Monreal
y o « Elena Moretti J
« Giovanni Palu
« Giovanni Paternoster
* Michele Penna
« Maria Ruzzarin
* Tiziano Stedile
* Nicola Zorzi
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