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NUV-MT SiPM technology

Measurement campaigns

Broadcom AFBR-S4N66P014M NUV-MT SiPMs

 Commercially available, off-the-shelf

|
500um

- Sensitive area: 6 X 6 mm?, SPAD pitch: 40 um

Power
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Power
Supply

Parameter Value
« Metal Trench (MT): between SPADs to reduce optical cross-talk Breakdown voltage, Vi 325V
Temperature coefficient of Vj, 30mV/°C
. Dark noise (Rpx 125k 2
» Reduced DCR compared to Broadcom’s NUV-HD devices GZirn noise (Rpw) ‘;f zs{g}fn
Optical crosstalk probability, pop 0.23
Two studies: Afterpulse probability, pap <0.01
Recharge time coefficient 55 ns
1. Baseline characterisation of NUV-MT SiPMSs [arXiv:2608.19156] E
Yo -
« Extended temperature range (-85°C - +23°C) and operating voltages (10 - 16 Vov) K Supply
o _ Data Logger) [/ )
2. Radiation hardness of NUV-MT SiPMSs [arXiv:2609.01809] . -
Liquid Nitrogen SiPM1 E_
ST, 9 10 2 . [”“é,’;’s‘i:?,i"g] L =
« 1 MeV neutron irradiation (2.0 X 10° — 1.1 X 10 neq/cm ), thermal annealing cycles l N
& Thermall-y-ins:llated box J

Light-tight blanke

t


https://www.broadcom.com/products/optical-sensors/silicon-photomultiplier-sipm/high-performance-sipm-nuv-mt/afbr-s4n66p014m
https://arxiv.org/abs/2608.19156
https://arxiv.org/abs/2609.01809

SiIPM noise sources

: 1]
Correlated and uncorrelated noise . ot  egon &

Uncorrelated noise

DCR: thermally-generated
carriers trigger avalanches,
creating single photon signals

substrate

Single microcell

Afterpulses: trapped carriers trigger avalanches within microcell during SiPM recharge
— generate signal with reduced charge

Internal cross-talk - delayed and direct: photons generated in initial avalanche
propagate to neighbouring microcells, triggering avalanche

External cross-talk: photons generated in initial avalanche propagate to neighbouring
SiPM, triggering avalanche

[1] https://hub.hamamatsu.com/us/en/technical-
3 notes/mppc-sipms/what-is-an-SiPM-and-how-
does-it-work.html
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Analysis methodology

N, i
1. Counting method: Ry = 0-PE o
I Primary DCR {!51 g -
2. Time-distribution methoa: | AP :

e Select primary pulse: 1PE amplitude (¢ pr * 301 pg), require no pulse

in previous 300 ns £oa0| | 5 2. Aot 020,04 kepa
* Select secondary pulse: first pulse following a primary pulse % \%
1p.e A i 1
 Build AT distribution Primary Secondary i\l
.\ Pulse .\ Pulse
» Unshadowing procedure [arXiv:1703.06204] =~ =7 """ T" 0T OC
At | %.
* Double exponential & constant fit —> distinguish correlated and l\% ;
uncorrelated noise T * ~~~~~ i:%;;:{,:_ S— .
| % \%5(}@@50 002
4 10 102 10 10

At [ns]


https://arxiv.org/abs/1703.06204

J [manufacturer spec (12V,,, 25°C): 125 kcps/mm?]

Uncorrelated noise

Dark nOise "E 102 @ SIPM1,10Voy O SiPM 2, 10Voy 0
£ @® SiPM1,12Voy, O SiPM 2, 12Voy
, o | @ SiPM1, 14V, < SiPM 2, 14Vey
EXpeCted behaV|Our: g @ SiPM 1, 16Voy O SiPM 2, 16Voy
. . . 0? 10! ‘g
- Ry increases with increased temperature 8
« Higher phonon interaction probability at higher . ‘%
temperatures — increased probability of charge carrier *° tg
generation — higher dark noise rate 5 ‘ o
- IXpyy increases with increased OV 1071 - !é
: .
O
* Higher Geiger discharge probability at higher voltage O o !§
1072 - .Q :
Results: (107.2 £2.1) keps/mm2at 12 V), & 23°C ; .8 e
Arrhenius-type behaviour: factor 2 change every 8°C = o ; o

below -25°C (factor 2 every 6°C above -25°C) Temperature [°C]

5 SiPM 2 shifted along temperature axis for visual clarity



&/ [manufacturer spec (12V,,y, 25°C): <1%]

Correlated noise

g @ SiPM 1, 10 Vov O SiPM 2, 10 Vov
Fey @ SiPM 1, 12 Vov < SiPM 2, 12 Vov
Afterpl"ses 5 I & SiPM1,14Vov < SiPM 2, 14 Vov
_g Q%#({) @ SiPM 1, 16 Vov > SiPM 2, 16 Vov
o
Expected behaviour: 8 10° +
£
3
- P4 p increases with decreased temperature S __ <I>i
: s
* Trap release time constant longer at lower temps — - |
release time shifted into SiPM recharge window — higher 1 @
100 4 Q %
Pap ; ! .
| O %Q
- ' ith i | : 1 O
Pap Increases with increased OV | Y
* Larger avalanche charge increases number of carriers ¢
available for trapping at defect sites — higher p,p
7 o "o “ho o o
Results: @12V, average p,p: (0.39 £ 0.03) % at -20°C Temperature [*C]

- (14.1 £3.0) % at -58°C
@-30°C, average p,p: (0.41 £0.05) % at 10V, = (0.71 £ 0.11) % at 16V,,y,



Correlated noise
Direct & delayed Cross-talk

Expected behaviour:

- PaicT Independent of temperature, increases with increased OV

* Direct CT driven by avalanche charge not thermally generated carriers.

~PaeCT increases with decreased temperature, increases with increased OV

 Reduced phonon scattering — higher probability of carriers diffusing into microcell
active region at lower temps — higher p ;.-

* Larger avalanche charge at higher OV — higher probability of secondary photon
emission — higher p .~/ higher p ;.1

Results: @12V,,,,, average p ;.1 (0.80 £ 0.04) % at -20°C — (4.6 = 1.8) % at -58°C

@-30°C, average p ;7 (21.9£0.4) % at 10V, = (34.8 £0.3) % at 16V,
average p,;.7: (0.61 =£0.06) % at 10V, = (1.15 £ 0.09) % at 16V,

Direct Crosstalk probability [%]

NN
©
o

w
-
w

w
-y
o

W
N
wn

w
O
o

27.5 A

25.09 +

22.5

20.0

12 -

Delayed Crosstalk probability [%]
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{[manufacturer spec (12V,, 25°C): 23%)]
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Temperature [°C]
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Broadcom AFBR-S4N66P024M, 0.86 mm SiPM pitch

Correlated noise @

External Cross-talk

©
)
o
o

First measurement of fixed SiPM pitch external cross-talk < Ao repning
without scintillator coupling. % 0175 _3g oc [ 0
2
. 2 O
Expected behaviour: 20150 |
|-: O
- P..cT Independent of temperature, increases with g 01251 |
. ~ O
increased OV E
§ 0.100 A ¢
x

 External CT driven by avalanche charge not thermally
generated carriers. 0.075 -

* Larger avalanche charge at higher OV — higher 0.050 -
probability of secondary photon emission and higher p,, ~r

0.025 -
~2 orders of magnitude smaller

Results: @ -30°C, average p,,7: (0.10 £ 0.04) % at 12V, than internal direct CT

- (0.14 £0.03) % at 16V, " 10 135 150 135 140 145 150 155 160

Vov
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Broadcom AFBR-S4N66P014M

Radiation hardness

Irradiation campaign & annealing procedure

TANDEM accelerator at NCSR Demokritos, Athens

 ’Li(p,n)’Be reaction generates ~1 MeV neutrons with a mean flux ~
4 x 10°n/cm?/s

Three SiPMs exposed to fluences between
2.0 x 10° — 1.1 x 10'°n,, /cm* with irradiation measured using indium

folls.

* Fluences typical for space missions, low-Earth orbit satellites, detector

R&D, cumulative exposure of long running /DM direct detection
experiments

Annealing Cumulative Duration

AF

- BT —
.y : C Cycle [x 80 min at 60 °C] U= e
Radiation induced defects within A 59 £ 0.00 -
Silicon lattice can be removed by ; 19 01
thermal annealing: cycles of D 9.5 + 1.0
E 23.0 = 3.6

performance characterisation,
followed by thermal annealing. 9




[ non-irradiated 1 4.9x80min at 60°C

H [ élosﬁ-L ' -30°C, 12Voy, 2.0x10°n.4/cm? ﬁt&ﬁq‘v — im“%% )
S e ‘/ﬁfﬁ 5 %
Radiation hardness "/, "7 Ml [Teel
SPE resolution
Repcormtnty, ooy 1 o) M | Y Vi
- factor 7.3 (fluence 2.0 X 10°n,,/cm*), L W W g L M S/ T T B T L “ﬂ I
- factor 10.2 (fluence 4.9 X 1()9neq/cm2),
- single-photon ID lost entirely at 1.1 X 1010ne /cm? IR @  ©=2.0x10%neq/cm’
q & ® ©=4.9%10%ng,/cm?
® ©=1.1%x10"n.,/cm?
. . . o0 - O _non-i.rradiated
Recovery: single-photon ID restored after just 1 thermal annealing ® [imediated
; -30°C, 12Voy
cycle, improved by factor 3.0 - 3.6 after 10 cycles
404 @
Reverse annealing: slight degradation beyond 10 cycles o
30 A
@
- high local defect density in clusters promotes the re-trapping and ° . :
reformation of stable complexes — defects within cluster cores anneal 01 oo . ° :
less readily than isolated point ° o .
10 A
8
CI) é 1IO 115 2I0 25

Annealing units [ Xx80min at 60°C]
10



Radiation hardness

Dark noise

Observations:

- substantial increase in noise following irradiation, only partial
through 23.5 annealing cycles

- 3-orders-of-magnitude increase in DCR across all fluences

Recovery: noise recovery fraction decreases with fluence:
- 2.0 X 109neq/ cm?*: 50% recovered

-4.9 X 1O9neq/cm2: 33% recovered
- 1.1 X lOloneq/cmz: 27% recovered

150 A

Voltage [mV]

50 A

| =-30°C,12Voy,1.1x10%° neq/cm?
J A

recovery

—100 A

- jrradiated
23.5xX80min at 60°C
—— non-irradiated

RDN/RgN

1400 A

1200 A

1000 A

Higher fluence =& more cluster defects in SIPMs — anneal less readily

11

800 A

600 -

—400 —200 0 200 400

1600 A

Time [ns]
é ® ©=2.0x10%n¢,/cm?
® ©=4.9x10°n¢,/cm?
& ® ©=1.1x10.,/cm?
-30°C, 12Voy
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Annealing units [ Xx80min at 60°C]



Summary

SiPM characterisation & radiation hardness

Presented full characterisation of baseline SiIPM performance for -85°C — +23°C, for full range
of overvoltages

- V, 4 DCR, AP, CT in agreement with manufacturer specs

- First exCT results for SiPM-only setup

Presented study of SiPM performance following neutron irradiation at TANDEM accelerator at
NCSR Demokritos

- V, stableto 1.1 X 1010neq/cnfz2 fluences

- DCR & R¢pr degraded significantly, partial recovery via thermal annealing,

- Residual damage attributed to stable cluster defects remaining within silicon lattice

12



Back-up



* SiPM signal amplified using Mini Circuits

/ZFL-1000LN+ low-noise amplifier
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file:///Users/zoebalmforth/Downloads/ZFL-1000LN+_dashboard.pdf

Single photon resolution

= 10 -
E Z — 10 VoV
i [ SiPM1 — e 12 VOV
°- . O v
S s 1 SiPM2 2 g\ e 14 VOV
ohd ~ H 3
£ -30°C, 12Voy S0 £ —— 16 VoV
- 8 -
S 5 > -30°C, SiPM1
] 102 -
104 a
10 E
103 - a ! ' !
0 50 100 150 200
Charge [pC]
10?2 E
10?1 5
10° E l - "
0 10 20 30 40 >0 60 A 0 50 100 150 200 250 300
Amplitude [mV] Time [ns]
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dinl/dV

-29.7+08°C

Current [mA]

-39.3x08°C

48.4 + 0.8°C

58.5 + 0.8°C

67.6 = 08°C
- 769+ 08°C /

Estimating breakdown voltage

Current [mA]

—— SiPM 1: Viyy = 31.05+0.03 V For each temperature:
| — SIiPM 2: Vpy = 31.05£0.03 V
104 -20°C , * SiPM bias voltage incremented
whilst current draw recorded
. 27 28 29 30 31 j'ozmge [‘53
%  Breakdown voltage (V) estimated
- - din el o
—y using maximum of —— > |77 %
f dV
107 - :
‘ See expected behaviour: V, ;
Increases with temperature
0 80 285 250 255 300 305 30 15 3.0 .
. .  Temperature coefficient:
Ll N\ (312 £0.3)mv/°C /
0- A | T [manufacturer spec: 30 mV/°C] =
28.0 28.5 29.0 29.5 30.0 30.5 31.0 315 32.0

—'80 —]60 —'40 —'20 6 2'0
Temperature [°C]

Voltage [V]

16



Radiation hardness

Leakage current & breakdown voltage

Observations:

Current [A]

- Leakage current increases substantially post-irradiation

» 3 X reduction at 8V, after 23.5 annealing cycles

- No change in SIPM breakdown voltage across fluence

range

- Doping profile & junction geometry unaffected by radiation

damage

31.1

Vpa [V]

30.9 -

30.8

30.7

31.0 -

-30°C

8 10 12

Fluence [x10°n.q/cm?] 17

0.00025 A

0.00020 A

0.00015 -

0.00010 -

0.00005 -

—— ©=2.0%10%n¢4/cm?
—— ©=4.9%10°ngy/cm?

—— ®=1.1x10n.,/cm?
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