
one single element
6x6 mm2/each
Total: 0.36 cm2

Ncell=22428

Cterminal slightly larger in cold !

when connected in 8P2S
Cterminal ~ 12 nF (5.76 cm2)

pixel size: 40 µm

Broadcom SiPM AFBR-S4N66P024M (2x10)
epoxy resin window: 175 µm thick

Cterminal RT LN2

per element ~2.91 nF ~2.98 nF
per cm2 ~8.1 nF/cm2 ~8.3 nF/cm2

Claudio Piemonte 2023 IEEE



reverse IV Rquench: forward IVIV measurement

Broadcom 6x6 mm2 RT LN2

Vbreakdown 32.3 V 27 V
Rquench 41.8 Ω 235 Ω

Rquench is larger in LN2 (3 µs shaper is used)

Broadcom 6x6 mm2



Direct pulse shape: 1-pe

Broadcom data
RT 12V

photoelectron charge = ∫ Vdt,  incomplete charge collection if not fully integrated
RT: fall time shorter at higher OV
LN2 : fall time independent of OV

Broadcom 6x6 mm2



scope

0.5 nF

-ve

100k

100k

SiPM

trigger

voltage steps
General: Charge calibration

0.4 V
0.3 V
0.2 V
0.1 V

SiPM connected and biased

inject known charge
 to calibrate preamp 

shaping amp.
CR-S-Xµs

V1=100 fC …



0.5 nF

-ve

100k

100k

shaping amp.
CR-S-Xµs

SiPM
Photon
pulse

trigger

trigger

General: SiPM charge gain measurement – (zero charge gain method)

• gain measured from well 
resolved photoelectron peaks

• breakdown voltage linearly 
extrapolated 

Cµ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

(𝑉𝑉 − 𝑉𝑉𝑏𝑏𝑏𝑏)
 𝑒𝑒



LN
2: 

ch
ar

ge
 g

ai
n 

(x
10

6 )

charge gain appears slightly nonlinear

3V

7V

LN2 :1-pe signal RT: n-pe signal

3V

7V

~0.77 x106/OV at 5V
~128 fF/µcell @ 5V (~2.8 nF per element)

Cµ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

(𝑉𝑉 − 𝑉𝑉𝑏𝑏𝑏𝑏)  𝑒𝑒

1-pe charge gain
Broadcom 6x6 mm2



Broadcom 1-pe gain data (room temperature)
doesn’t appear to cross at 0V

12V: 97.3 fF/µcell
(2.2 nF per element)

doesn’t appear to cross at 0V



CT, correlated noise, DCR, PDE …

1. Charge gain and correlated noise are determined from single-
photon pulse measurements by attenuating a 50kHz repetition rate 
405 nm photon source to <0.04 photons/pulse.

2. Correlated noise factor CT & AP, are determined from count rate 
P(1½-pe)/P(½-pe) and P(½-pe, delayed with 1 to 10 µs gate 
window)/P(½-pe), respectively.

3. PDE is obtained by fitting a Poisson distribution to the 
photoelectron spectrum, against the incidence # of photons.



General: time-correlated crosstalk (CT)
SR400 time-gated photon counter (gate width 50 ns)

Attenuate to << 1-photon/pulse
Determine 1-pe signal level
Measure count rate at ½-pe & 1½-pe levels

pe-2
1 rate count

pe-2
3 rate count

crosstalk=

P(½-pe)

P(1½-pe )
P(1-pe)



General: time-correlated afterpulse (AP) etc ...
SR400 time-gated photon counter (gate width 1 to 18 µs)

example𝐶𝐶𝐶𝐶 =
𝑃𝑃(1½−pe)
𝑃𝑃((½−pe)

𝐴𝐴𝑃𝑃 =
𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔𝑐𝑐 𝑟𝑟𝑔𝑔𝑐𝑐𝑒𝑒 [𝑃𝑃(½−pe,𝑑𝑑𝑒𝑒𝑑𝑑𝑔𝑔𝑑𝑑𝑒𝑒𝑑𝑑 𝑔𝑔𝑔𝑔𝑐𝑐𝑒𝑒 Δ𝐶𝐶 [~1 𝑐𝑐𝑐𝑐 18 µ𝑠𝑠])

1𝑝𝑝𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔𝑐𝑐 𝑟𝑟𝑔𝑔𝑐𝑐𝑒𝑒 [𝑃𝑃 (½−pe ]

AP 

P(0): electronic noise
𝛿𝛿𝑃𝑃(0 )~14 fC

1𝑝𝑝𝑒𝑒 𝑟𝑟𝑒𝑒𝑠𝑠𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐𝑔𝑔𝑐𝑐𝑔𝑔 =
𝛿𝛿𝛿𝛿
Δ𝛿𝛿

δQ ΔQ

𝑆𝑆/𝑁𝑁 =
𝛥𝛥𝛿𝛿

𝛿𝛿𝑃𝑃(0)



Broadcom 6x6 mm2

LN2 :1-pe signal

• DCR & 1-pe resolution are sufficiently low
• CN < 15%, S/N ~70 below 7V, 



PDE is calculated by fitting a Poisson distribution to the photoelectron spectrum

n = Poisson fitted mean number of photoelectrons



relative PDE in LN2 (Broadcom, DUNE FBK, DUNE HPK)

Broadcom

FBK

HPK



optical
fibers405nm  photon

90 ps, 100 kHz

Number of incidence photons is determined from the measured photocurrent at the 
selected wavelength from a NIST calibrated photodiode

Electrometer
(average photocurrent)

attenuate the intensity to 
a few photons/pulse

NIST calibrated pd
(0.19 A/W @ 405nm)

[~0.65 fA (1 kHz), ~7%]

# 𝑐𝑐𝑜𝑜 405 𝑔𝑔𝑛𝑛 𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔𝑠𝑠 = 0.65 𝑓𝑓𝑓𝑓

1 𝑘𝑘𝑘𝑘𝑘𝑘 0.19𝐴𝐴𝑊𝑊 1.6𝑥𝑥10−19𝐽𝐽/𝑐𝑐𝑒𝑒 3.06 𝑐𝑐𝑒𝑒
 (0.86) =  6.01 photons/pulse 



PDE in LN2 (Broadcom, DUNE FBK, DUNE HPK)

PDE @ 405 nm
5V OV in LN2

Poisson fitted  
n-pe

absolute
PDE (±7%)

Spec.
RT

DUNE HPK 75 µm 3.15 0.52 ~0.47

DUNE FBK 50 µm 2.93 0.48 n/c

Broadcom 40 µm 3.8 0.63 ~0.62

P𝐷𝐷𝐷𝐷 (𝐵𝐵𝑟𝑟𝑐𝑐𝑔𝑔𝑑𝑑𝑐𝑐𝑐𝑐𝑛𝑛, 405 𝑔𝑔𝑛𝑛,5𝑉𝑉, 𝐿𝐿𝑁𝑁2) = # 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝
# 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑝𝑝 

= 3.8
6.01

= 0.63

)T,,V()T,(QEF avalanchegeometry pe
λ∆ε×λ×=

−

# pe
# hνPDE =

photoelectronphotongeometric



event burst phenomenon



M. Spanu, 'Summary of SiPM tests and comparison,' DUNE Collaboration Meeting, Jan 26, 2021.
M. Guarise et al, 'A newly observed phenomenon in the characterisation of SiPM at cryogenic temperature,' JINST 16 T10006, 2021.

recent observation of event burst phenomenon: DUNE & DarkSide

17

Francesco Terranova: additional studies with new prototypes SiPMs are in progress within the DUNE PDS Consortium.



# Vendor & Model device pixel substrate connect. window spectral resp. Burst,   events/30 minutes 
1 HPK S13360-HS-HRQ

(DUNE)
75 µm PCB hole wire

bond
silicone
resin, 150 µm

280 - 900 nm Yes,    5

2 FBK triple trench
(DUNE) 

50 µm PCB wire
bond

silicone
resin, xx µm

~300 to 900 nm Yes,    10

3 Broadcom 40 µm PCB wire
bond

epoxy resin
175 µm

~300 to 900 nm No or low

18

0.6 second time span 

event burst phenomenon observed at BNL (SiPMs in LN2 in completed darkness)    LIDINE2022

Ocean optics 
spectrometer

SiPM

UV 
optical
 fibers

LN2

UV 266 nm  
Illumination

 (20 ps pulse, ~µJ)

photoluminescence of SiPMs at room temperature and in liquid nitrogen. 

base resin hardener



PROs:
• PDE is slightly higher than DUNE FBK or DUNE HPK
• No event burst is observed – no afterglow

CONs:
• DCR in LN2 is slightly higher but well manageable
• Correlated noise (CT & AP) is slightly higher
• Charge gain appears nonlinear with overvoltage
• Terminal capacitance is high at room or in LN2

Broadcom SiPM



Readout of Broadcom 4x4 SiPM
 connected in 8P2S (5.76 cm2 ) 



8P2S: 16 SiPMs
6x6 mm2/each
Total: 5.76 cm2

 
Cterminal larger in cold 

Broadcom 4x4 SiPM connected in 8P2S (5.76 cm2 ) 

Cterminal RT LN2

total ~11.4 nF ~12.8 nF



16 SiPMs connected in 8P2S (5.76 cm2 ) Broadcom AFBR-S4N66P024M
~11.4 nF (RT), ~12.8 nF (LN2)

HPK minitile VUV
~5.8 nF (RT), ~1.9 nF (LN2)



Broadcom SiPM connected in 8P2S (5.76 cm2)
in LN2 (illumination 90ps 405nm) 
readout of photoelectron pulse: warm preamp+shaper (3 µs)

n-pe detection 1-pe detection 



Charge gain ~ 0.5x106/OV
Ccell ~ 81 fF
Cterminal ~ 12.8 nF (5.76 cm2, 8P2S)

@ 5V overvoltage
S/N ~14
1-pe resolution ~7%





LN2 LArASIC run: Minitiles #27, #28 (8P2S)

LArASIC
1 µs peak
4.7 mV/fC
2 MHz ADC (0.5 us/bin)
10 MHz ref. clock lock

Data streaming mode
Data collection: LabView
Data analysis: Python

fused silica
scatter plate

Photon flash rate 100 Hz

26

ASIC
signal cable

ASIC
power cables

HV bias cablescharge gain
Calibration
cables

UV fiber



Minitile #28 8P2S in LN2 @ 4.2 V :  subset of raw signal trace (1 second)

Random dark pulses

LED + random dark pulses

Time tick [0.5µs/tick] total of 1 second
S/N = 189.6/2.32 = 81.7

noise

signal

27



2.2V

Minitile #28 8P2S: Charge Histogram, LN2

4.2V

6.2V 8.2V

28



DCR:  ~96 Hz   (0.17 Hz/mm2 )
1-pe resolution (δE): ~5% rms

Photon rate: ~80 Hz (trigger rate 100 Hz)

1-pe resolution (
δ𝑬𝑬
Δ𝑬𝑬

): 3 to 3.5% rms

LED photon flash triggered
overlay of 3 runs

high reproducibility

Random dark pulse
δE

δE

Minitile #28 8P2S: Charge Histogram, LN2

29

ΔE



Minitile #28 8P2S in LN2 random dark pulse Charge Histogram

Correlated Noise (pe) =

Ai = charge of prompt pulse i
Ā1-PE = average charge of 1-pe pulse
     N = number of prompt avalanches analyzed

G. Gallina, et.al., Characterization of the Hamamatsu VUV4 MPPCs for nEXO, NIM A940, 371 (2019).

Correlated Noise (@ 4V) ~ 0.12 pe
30



waveform reconstruction and 1-pe timing resolution, 10 MHz lock ON

sinc-interpolation + peak finding led to good timing analysis

1-pe time jitter histogram, 45 sec dataSelect ONLY 1-pe pulses

Ch 1, #28

Ch 13, #27
T & #27

T & #28

#28 & #27
coincidence 

31

Gaussian fit of histogram
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