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Custom Silicon Photomultipliers
Fondazione Bruno Kessler

15/09/2022Alberto Gola - RICH 2022

Detector-grade clean-room, 6 

inches, class 10 and 100

Silicon Photomultipliers account for a significant 

portion of the detectors fabricated here.

FBK is typically interested in R&D activities and collaborations to improve and 

customize SiPM technology for specific applications.

Large area productions can be carried out in FBK (up to ~5 sqm) or relying on external 

partners (low cost): success stories of technology transfers.

Private Research Foundation

Å~400 researchers in different fields, 

ranging from Microelectronics to 

Information Technology

Å50% funding from local government

Å50% self-funding rate

Å25% from publicly funded research

Å25% from collaboration with 

companies
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Custom SiPM technology roadmap
Fondazione Bruno Kessler
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Thanks to constant performance improvement, SiPM technologies are now used in several upgrades of Big 

Physics Experiments: deep customization is often required.

Use in Big Physics Experiments
FBK SiPM technologies

15/09/2022Alberto Gola - RICH 2022

Cryogenic SiPMs will be employed in experiments 

such as DarkSide-20k

Cryogenic TPCs

Prototype pSCT installed in the 

VERITAS, equipped with FBK SiPMs.

CTA HEP

NUV-HD SiPMs are being evaluated for the MIP timing 

detector of CMS (LYSO scintillator readout).

Customization:

ÅCryogenic operation

ÅLarge areas

Å(VUV sensitivity)

Customization:

ÅLow CT

ÅMaximum PDE

Customization:

ÅRadiation hardness

ÅTiming



5

Current R&D activities and Roadmap
FBK SiPM technologies

15/09/2022Alberto Gola - RICH 2022

Outline:

ÅTiming performance

ÅReduction of Optical Crosstalk

ÅCryogenic operation

ÅRadiation Hardness

ÅLight concentration

ÅFuture developments: 2.5 and 3D integration
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NUV-HD SiPM technology
FBK SiPM technologies
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NUV-HD SiPMs provide state-of-the-art performance for single photon 

detection, timing and for scintillation light readout.

Gola, A et al. (2019). ñNUV-Sensitive Silicon Photomultiplier Technologies Developed at 

Fondazione Bruno Kessler.ò 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.

Timing with High-frequency readout (FWHM)
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Optimization of SPTR with masking: CHK-HD
Timing performance

15/09/2022Alberto Gola - RICH 2022

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.

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

ÅChanges to the Electric field: low-field + different spectral response

Increase of fast component of single photoelectron 

signal in accordance with masking extension.

Masking of outer regions of the SPAD 

that have worse ñlocalò SPTR.

Nemallapudi, M. V., et al. "Single photon time resolution of state of 

the art SiPMs." Journal of Instrumentation 11.10 (2016): P10016.

3

FBK NUV-HD

Traditional readout
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Optimization of SPTR with masking: CHK-HD
Timing performance
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Using CHK-HD and high-frequency readout, S. Gundacker was able to measure excellent Single Photon Time Resolution, 

with a 3x3 mm2 SiPM.

Nicolaus Kratochwil et al 2021 Phys. Med. Biol. 66 195001

PbF2 crystal 

under test

Intrinsic SPTR

SPTR FWHM (PbF2 method)

Measurements by S. Gundacker, 

presented at FTMI 2022 workshop
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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.

Effect of SiPM area on SPTR
Timing performance

15/09/2022Alberto Gola - RICH 2022

Increasing 

SiPM area

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

amplifier.

Acerbi, Fabio, et al. "Characterization of single-photon time resolution: from single SPAD to silicon 

photomultiplier." IEEE Transactions on Nuclear Science 61.5 (2014): 2678-2686.

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

divided in 10 0.3x3 mm2 strip-SiPMs.

Strip SiPMs

10 strips

0.32 x 3.2 mm² 
each, no dead border

between strips

Test vehicle to study 

effects of segmentation 

SPTR with standard FBK amplifier
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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.

Worsening of the performance of the detection system
Optical Crosstalk

15/09/2022Alberto Gola - RICH 2022

Divergence of 

correlated noise

SiPM cannot be 

operated here
Useful operating region

Breakdown 

voltage

Limiting the maximum excess bias

Above a certain over-voltage the number of dark 

counts and, thus, the reverse current diverge.

Å Lower PDE, Gain.

Å Worse SPTR

Worsening of the Few Photons Time Resolution

Few-photon time resolution measured with Leading-edge discriminator 

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

ὉὅὊḙ
ρ

ρ ὖ

Geometric series approximation of 

the Excess Charge Factor.

Optical 

Crosstalk

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

resolution: from single SPAD to silicon photomultiplier." IEEE 

Transactions on Nuclear Science 61.5 (2014): 2678-2686.
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Optical crosstalk probability is enhanced by the presence of the scintillator: external crosstalk.

External Crosstalk
Optical crosstalk

15/09/2022Alberto Gola - RICH 2022

Mechanism of optical crosstalk probability 

enhancement because of the scintillator.

Gola, Alberto, et al. "SiPM optical crosstalk amplification due to scintillator crystal: effects 

on timing performance." Physics in Medicine & Biology 59.13 (2014): 3615.

Comparison of SiPM IV with different scintillator sizes placed on top of 

them, at different temperatures.

No 

scintillator

With 

scintillator

ὉὅὊḙ
ρ

ρ ὖ

Geometric series approximation of 

the Excess Charge Factor.
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The package geometry, in particular the resin thickness, has a significant effect on the optical crosstalk 

probability.

External Crosstalk and protective resin
Optical crosstalk

15/09/2022Alberto Gola - RICH 2022

The effect was studied on Hamamatsu SiPMs and discussed in the ICASiPM conference.

We can identify an optimal thickness of the 

encapsulating resin
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Starting from the NUV-HD technology, FBK and Broadcom jointly developed the NUV-HD-MT technology, 

adding metal-filled DTI isolation to strongly suppress optical crosstalk.

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

NUV-HD-MT development
Reduction of optical crosstalk

15/09/2022Alberto Gola - RICH 2022

~ few µm

High-field region

Quenching 

resistor

Metal

Connections

Microcell (SPAD) of SiPM

Metal-filled DTI

Conceptual drawing of the NUV-HD-MT, with the addition of metal-filled Deep 

Trench Isolation.

Reduction of optical crosstalk probability in NUV-HD-MT, compared to the 

ñstandardò NUV-HD. Measurement without encapsulation resin, i.e. only 

considering internal crosstalk probability.

> 10x 

reduction
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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.

NUV-HD-MT bias range
Reduction of optical crosstalk

15/09/2022Alberto Gola - RICH 2022

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

under different conditions.

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

Usable range

NUV-HD

Usable range

NUV-HD-MT
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NUV-HD-MT is based on a p-on-n junction, thus peak PDE is around 390 ï420 nm.

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

approaches saturation.

NUV-HD-MT PDE
Reduction of optical crosstalk

15/09/2022Alberto Gola - RICH 2022

NUV-HD-MT 45 µm NUV-HD-MT 45 µm
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Direct Optical CT vs. PDE

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

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

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

NUV-HD-MT electro optical performance
Reduction of optical crosstalk

15/09/2022Alberto Gola - RICH 2022

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

HD-MT technology.

Internal 

CT only

DCR vs. PDE

Also 

External 

CT

40 kHz/mm2
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DarkSide-20k SiPMs
Cryogenic operation
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NUV-HD-Cryo SiPM technology is an enabling technology for the DarkSide-20k experiment, currently under 

construction.

Reduction of Dark Count Rate at cryogenic temperature thanks to electric field 

engineering in FBK SiPMs.

Photon counting at 77 K with a single, 24 cm2 SiPM Tile.

Darkside-20k experiment under 

construction at LNGS using FBK 

SiPMs fabricated at Lfoundry: 20 m2 of 

SiPMs operated at 87 K.

20 sqm of silicon

Acerbi, Fabio, et al. "Cryogenic characterization of 

FBK HD near-UV sensitive SiPMs." IEEE Transactions 

on Electron Devices 64.2 (2017): 521-526.

Standard field

Low-field

0.3 counts per day per cell at 77 K!

> 7 orders of 

magnitude !

Thermal generation

Tunneling

> 20x

A 10x10 cm2 SiPM array would have a total DCR < 100 cps!

25 um 

cell
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DUNE SiPMs
Cryogenic operation
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NUV-HD-Cryo SiPM technology is at the basis of the ongoing R&D collaboration between FBK and UniMiB

for the production of >250k channels for the DUNE experiment.

One of the four far-detector modules for the Deep Underground Neutrino Experiment. Prototype 6-channel array based on NUV-HD-Cryo fabricated at Lfoundry and 

packaging developed by FBK.

SiPM microcell optimized for DUNE

Triple trench 

isolation
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Improving radiation hardness of SiPMs is one of the next frontiers of development at FBK for very important 

applications, both in big science experiments and in space.

Motivation for R&D
Radiation Hardness

15/09/2022Alberto Gola - RICH 2022

LHC LIMADOU

Detectors for collider experiments: from 

1010 neq/cm² to >1014 neq/cm²
Geostationary orbit space

experiments: ~5Ā1010 neq/cm²

R&D approach:

Å Qualification of radiation tolerance of current SiPM technologies.

Å Study / modeling of the effects of radiation damage on SiPM characteristics, under different sources of radiation.

Å Development of a highly customized SiPM technology for optimal performance after irradiation is likely needed. 

What is the definition 

of radiation hardness 

for SiPMs?
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Experimental Setup and DoE
Test Beam 1 ïTrento Proton Therapy
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Energy: 148 MeV source + inhibitor  74 MeV proton energy

Dose: 12 dose steps: 

~ 5Ā106ï4Ā1011 p/cm2

      (NIEL scaling hypothesis)

~ 7Ā106ï6Ā1011 1 MeV neq/cm2

Analysis:
ÅOnline IV measurement between each irradiation step;

+

ÅFunctional measurements after 1 month RT annealing:

 Waveform analysis on irradiated samples only at -40°C (High 

DCR, event separation is not possible / reliable above 20 

Mc.p.s.)

Tommasino (2019) https://doi.org/10.1016/j.ejmp.2019.02.001

ñDual ring setupò[1]: 98% uniformity on ~6 

cm diameter

Relatively low maximum irradiation dose, targeting space applications 

and certain HEP experiments.

Customized PCB for irradiation tests, housing multiple 

SiPMs and allowing online IV measurements. 
A. Altamura et al. (2021) 

https://doi.org/10.48550/arXiv.2112.08089
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Tested Technologies
Test Beam 1 ïTrento Proton Therapy
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We tested a relatively wide range of different customized SiPM technologies, fabricated in FBK internal 

R&D clean-room, looking for differences, general trends, etc..

Peak PDE = 530 nmPeak PDE = 420 nm

- CRYO = Cryo temp opt.

- RH = High radiation opt.

VUV-HD[2]

Vacuum Ultraviolet

NUV-HD[3]

Near Ultraviolet

RGB-HD[4]

Visible

NIR-HD[5]

Near Infrared

Peak PDE = 420 nm

- Different ARC 

- High sensitivity in VUV

Peak PDE = 530 nm

- Thick epitaxial layer

- High sensitivity in IR

[3] Gola (2019)

https://doi.org/10.3390/s19020308

[2] Capasso (2020)   

https://doi.org/10.1016/j.nima.2020.164478

[4] Ferri (2015)

https://doi.org/10.1186/2197-7364-2-S1-A86

[5] Acerbi (2018)

https://doi.org/10.1016/j.nima.2017.11.098
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Online IV measurements
Test Beam 1 ïTrento Proton Therapy

15/09/2022Alberto Gola - RICH 2022

Proton Fluence

NUV-HD
CRYO, 40 µm cell

Increase of pre-breakdown,  non-

multiplied (~surface) current

Increase of post-breakdown, 

multiplied current (Dark Counts)

Breakdown Voltage Estimation

No change observed in VBDup to fluence 6Ā10
11

neq/cm2 (2nd derivative method, faint illumination)

Effects of irradiation on reverse IVs

Difficult VBD

estimation
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Dark Count Rate Estimation from reverse IV
Test Beam 1 ïTrento Proton Therapy
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Comparison of radiation hardness of different SiPM technologies cannot be done directly from their IVs 

because they usually have different Gain and correlated noise (ECF).

$#2
)

Ñz 'z %#&
)

Ñz '

' 'z %#&Current Gain
%#&Excess Charge Factor

Assumption: ECF and Gain do not change with 

irradiation (will be shown later) DCR estimation for different FBK SiPM technologies.
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Dark Count Rate vs. Fluence
Test Beam 1 ïTrento Proton Therapy
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There is little correlation between the DCR before and 

after irradiation:

Å All technologies seem to ñconvergeò towards similar values

Å Knee between 107÷108 neq/cm2

Å Independence of bulk damage from contaminants in the SiPM 

starting material?

DCR variation after irradiation is reduced:

Å from ~1 OoM to < ~0.5 OoM

Å Still worth investigating differences between 

technologies

VOV = 3 V
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Damage Factor
Test Beam 1 ïTrento Proton Therapy
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To estimate the sensitivity of different SiPM technologies to the radiation damage, we suggest using a 

version of the Damage Factor, modified for the Geiger-mode detectors.

ɻ
ɝὍ

ɮὠ

Damage Factor

detectors without internal gain

Damage Factor

Geiger-mode detectors

ɻ

Ὃ

ɝὍ

ɮɇὠɇὋɇὉὅὊ

ɝὍ

ɮɇὠɇὋ

ɝὈὅὙzή

ɮὠ

VOV = 3 V

VOV = 7 V

Å Constant wrt. Irradiation 

dose.

Å In accordance with literature

Å Uniform behavior across 

different technologies: 5-

10Ā10-17 A/cm2

Å Dependence on excess bias: 

triggering probability and 

field-enhanced generation

Å Which volume should be 

considered? (high E-field or 

collection region)

M. Moll (2018) https://doi.org/10.1109/TNS.2018.2819506
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First Annealing studies
Test Beam 1 ïTrento Proton Therapy
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Annealing can be a powerful mean of reducing DCR after irradiation to recovers single-photon resolution.

Å Room temperature annealing (20-25°C) on the 

highest dose only (6.4Ā1011 1 MeV neq/cm2)

Å Two slopes observed: knee point at around 

1.5·103 min (~1 day)

Å Minor dependence on excess bias for a few 

samples.

Å Higher annealing temperatures have demonstrated 

better annealing:

Å Factor > 10 after 1Ā 1011 neq/cm2 is reported in 
M. Calvi - https://doi.org/10.1016/j.nima.2019.01.013

Å Is there a threshold temperature for the 

annealing of certain defects?
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Variation of the other SiPM parameters
Test Beam 1 ïTrento Proton Therapy
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Waveform analysis carried out at -40°C to reduce pile-up on the highest irradiation dose (1Ā1011 neq/cm2).

No relevant change of the other SiPM parameters, except for the DCR.

Current Gain Optical Crosstalk PDE

' 'z %#&

No change in Gain * ECF up to 1Ā1011 neq/cm2 Minor increase of CT is most likely an 

artifact caused by pile-up.

No change in PDE, measured as 

responsivity (loss of single photon 

resolution).


