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Outline:

" Types of S1PM tested, SIPM measurement setup
= Recap of DUNE SiPMs

= Challenge and solution on large S1PM capacitance
* nEXO S1PMs selection status: HPK & FBK

= Light readout concept using LArASIC Cold Electronics — IEEE 2021

Photoelectron spectroscopy: response to single and multiple photoelectron
Charge calibration, SiPM avalanche gain, S/N ratio
Timing and coincidence resolution

Time coincidence detection of Dark Pulses

= SiPM terminal capacitance measurements
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SiPM R&D and production around the globe
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SiPM tested from various vendors

FBK HPK others

3x3 mm?

6x6 mm?

10x10 mm?

~ : : :
© B pixel size 15 pm to 75 pm




The Instrumentation Division at BNL has been testing SiPMs from various vendors for difference science
programs in the past 8 years; primary targeted to operate SiPMs in cryogenic temperature and in noble liquids.

= Packaging and bond bare SiPM chips to various carriers

» Current-voltage (IV) characterization: at room temperature, 165K, 85K in vacuum, LN,, and in purified LAr, LXe, and LKr

* Charge gain, pcell and terminal capacitance, quench resistance, Vi,aidown ldark

= time correlated and time uncorrelated avalanche noise measurements: optical cross-talk (CT), after-pulse (AP), and thermally
activated dark count (DCR), respectively.

= photodetection efficiency (PDE) from VUV to NIR wavelength range and photon number resolving (PNR) capability.
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DUNE FD-2: ARAPUCA (Argon R&D Advanced Program at UniCAmp).

P-terphenyl layer
dichroic filt

* Optical area
* 600 mm x 600

mm=3600 cmA2

» SiPM area

* 160x0.36 cm"2
~60 cm”N2
* =1.7 % of opt.

4 i
WLS bar SiPM

Credits: F. Terranova

> 160 SiPMs (40 per side)
> Glued to WLS Bar for
improved optical contact

> SiPMs mounted on Kapton flexi-
PCB
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M.C. Queiroga Bazetto, V.L. Pimentel, A.A. Machado and E. Segreto, in Campinas, Brazil
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DUNE S13360-6050-HS-HRQ

high R, normal Vi,

$13360-6050-HS-HRQ spec.

DUNE S13360-6075-HS-HRQ

high R, normal V,,

$13360-6075-HS-HRQ

ProtoDUNE FNAL
S14160-6050-HS low V,,

$14160-6050-HS

DUNE FBK triple-trench 50pm
low V4

FBK tiple-trench

area 6x6 mm? area 6x6 mm?2 area 6x6 mm? area 6x6 mm?2
pixel size 50 um pixel size 75 um pixel size 50 um pixel size 50 um
# of pixels 14331 # of pixels 6364 # of pixels 14331 # of pixels 11188
V_bd (RT,LN2)  53V,42V V_bd (RT, LN2) 51V, 41V V_bd (RT,LN2) 38V,32V V_bd (RT, LN2) 31V, 27V
Capacitance 1.28 nF Capacitance 1.9 nF Capacitance ~2.3 nF Capacitance 2.6 nF

¢ Brookhaven
Dra

sback of a'lower V-breakdown -> higher capacitance -> higher power to drive readout electronics-
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nEXO SiPM light readout: requirements

 The energy, timing, and event resolution must be met in order to achieve the 10%® year half-life
sensitivity to Ovpp.

* For a 6% light collection efficiency, ~6240 photoelectrons will distribute over ~4.6 m? surface
of the photon detectors.

* A SiPM sub-array of 6 cm? will detect approximately one photon on average.

* The photon readout electronics must be able to efficiently detect and identify single
photoelectron events.

Parameter Value Comment

Signal range [pe’] 100 pe Need a large dynamic range, simulation shown ~100 pe can be captured
in a single channel.

SNR for 1-pe > 15 ensure a negligible accidental rate due to electronics noise compared to
the SiPM dark noise rate

1-pe energy resolution <0.1pe To satisfy the nEXO energy resolution requirements.

Timing resolution <100 ns With a dynamic range of 100 pe, a +30, coincidence window, would

satisfy the nEXO energy resolution requirements.

Readout non-linearity <1% strict integral linearity requirement from the magnitude of the electronic
readout response to the SiPM charge signal response

Max. event rate [events/s] 4 x 103 calibration by radioactive sources, DCR, photon flash




nEXO SiPM
Light Detector Readout S@ve

2 G; ;
6 cm2 SiPMs 96 cm ?: SiPMs t|Ie

3P2S

Front Back
| |

2=175 nm

SiPM ‘bird cage’

Total tiles: 480
24x(2x10)

wwoscl

Total 6 cm? subarrays: 7680
480x16

Total SiPM area: 4.6 m?

TSV
2
75 um/pixel 7680x6 cm
SiO, carrier 16 channels
3P2S connection |
Wire bonds Pi_gtail cable w?th 2X1 0 1 m
r //""-A:'\"\EPM\\ Tile voperating (RT) [V] 50 30
- \IﬁEQUIe C /area [nF/cm?] 3.5 8.5
S /\/\/V C(6 cm? )/ channel [nF] | 21 51 I/el"y large Subal"l"ay
C (8P25) [F) 5 12.5 capacitance/channel
V(2S Vv 100 60
L? Brookhaven (25) ]
National Laboratory

2021 IEEE NSS/MIC SNR>10 for single photo electrons & radio-pure components are essential for nEXO.



nEXQO SiPM selection

Vendor selection criteria:
Meets nEXO radioactive background and PDE, CA, DCR requirements

TSVs are available to avoid need for wirebonds on tile module front side

SN L=

Cost (including risk) minimized while meeting criteria 1-4 above.

Time scale for production and testing requirements does not delay the overall nEXO development path
High uniformity of devices in realistic final production, to minimize testing and device selection requirements during assembly

D. Moore, Jan. 2022 nEXO Collaboration Meeting

175 nm, 165K IIE-_

SiPM radioactive background <0.5% yes

PDE >15% yes

DCR < 10 Hz/mm? yes
Correlated noise <0.4 pe yes

1 cm? array size yes

TSV yes

V_bd uniformity in progress
prototype issue packaging

L? Brookhaven

National Laboratory

yes

yes

yes

Yes, but have issues
not yet

unknown
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HPK 6 cm? SiPM silica tile: TV

3P2S IV: room & LN,

room temperature
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le-03

le-04

HPK 6x1 cm? SiPMs with TSVs
‘_'_..-"'

L~

o [ |
SRR

o
tn

le-
30.5 mm

»

0.3 mm 10.272 mm

A

[a—
¢
o
L |
Lo {ij} L L Lo Lirm
: -_"“\-\
-

/., =103V (51.5V)

dark current (amp)
:

—— qtile#7 Feb 28 2023
.?J 16-09 T T L L T T T T T T T T T I T T L
3 100 105 110 115 120 125 130
e reverse bias (volt)
LN2
| 1e-05 JHPK Qtile 3525 ;
— le-06 —
~ =
g 1e-07 =4—+— == =nlo”
3 Lo-- -
= 1e-08 L ’
= » V,=83.1V (41.55V) e
L 1e-09 y = e
5 le-10 4— -t
le-11 1!.5?1”' L“l'.hf"w
leo1o MM ’N ----- afile£7 Feb|28. 2023
80 8 90 95 100 105 110 115 120
¢ Brookhaven .
' National Laboratory reverse bias (volt)




HPK 6 cm? SiPM silica tile: PDE

HPK 6x1 cm? SiPMs with TSVs

30.5 mm

»
»

0.3 mm

10.272 mm

<
<

HPK SiPMs with TSVs perform well.

Need to verify PDE at 175 nm and test in LXe

L"\ Brookhaven

National Laboratory

. wwegoe

PDE data (1ns pulse, 268 nm)

charge histogram vs. OV

Summary of data

m

V-breakdown Volt 51.5

overvoltage span Volt >15 >15
R _quench Q 23 31
Charge gain x106 1.48
DCR Hz/cm? ~20
1-pe resolution % 3.7
CA pe 0.05
pCell capacitance fF 243 233
uCell capacitance nF/cm? 43 4.11
PDE (268 nm) n/c 0.165

OV (volt)
03
—13
—3
E *33
—43
—
- =63

previous PDE
measurements

~0.18 (268 nm)
~0.22 (175 nm)
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HPK 6 cm? SiPM silica tile: correlation of V,,; from RT to LN,

Vpq4 (from 1V) V,, (from IV)
bd
295K o -
11-2 8-2 a ] -
HPK 10-3 10-2 10-5 10-1
X
8 data
51 51.1 51.2 51.3 514 51.5 51.6 51.7 51.8 519 52| | 513 51.5 51.7 51.9 52.1 52.3
~165K V.4 (from charge gain)
device # - channel #
) s o ©
V,4 determined from extrapolated zero-charge gain
measurement
44 44.1 442 443 444 445 446 447 448 449 45
77K V4 (from charge gain) V.4 (from charge gain)
° o o ° i 8 £ 9
41 411 41.2 413 414 415 416 41.7 418 419 42 41.1 41.3 41.5 41.7 41.9 42.1

L? E;gghgﬂggﬂ * larger sample size continue to show evidence of V4 correlation
* Charge gain match of SiPM tiles may be projected from RT to cold




FBK prototypes: IV at RT, 233K 165K & 80K ..., =« o>ty
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Charge Readout concept: weak coupling to amplifier
using HPK SiPM Minitiles

Thomas Tsang, Shanshan Gao, Sergio Rescia, Hucheng Chen, and Veljko Radeka

2021 IEEE/MIC
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National Laboratory



To know the number of detected photons, the charge of the signal must be measured.
two most common approaches:

0.0003

direct SiPM pulse shape

—RT
165K
— 80K

* Charge integration

. 0.0002 —

signal (mV

* Amplitude measurement

0 1000 2000 3000 4000
time (ns)

Both methods have their advantages and disadvantages.

L? Brookhaven

National Laboratory




HPK SiPM Minitile arrays o0 “room temperature

S13775-9121 [4x4x(0.6 cm)?] . HPK Mpitile #27 8P2S RT (8P2S1V
o =
HPK minitile board = ] o™
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) National Laboratory At ~4V OVIdark (DCR) RT—>LN2 dl’OpS ~10-5

2021 IEEE NSS/MIC 18
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Photoelectron spectroscopy, charge calibration,
SiPM avalanche gain, electronics gain

response to single and multiple photoelectrons
both #27 and #28

aaaaaaaaaaaaaaaaa
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Demonstration of readout concept: weak coupling to ampllﬁer, C, <<(,

- one of 16 | [T TTTTTmTsmmssmss s S T e e S —— T T T T

subarrays/tile shown; LAr ASIC (one of 16 channels) Digital ASIC L i (ise :
2to 10 nF | i ik y ¥ visiial ' - : 417 < i I6StPMs

ADC+PLL+DIG iadp | -

semi-

gaussian

]
1
]
1
Low pass -
, —
]
]
]
|
1
]

x 16=48 per tile

1 HVin
3 bonds per :
subarray - f 0.500
(bump or wire) (HV,,
1
]
1

One of 16 sets of Common for all 24 A
R1,R2,Ch is shown tiles in a stave T el b
LArASIC P2:
16 independent ASIC input channels Reference: channel 0
peaking time: 1 us (programmable 0.5, 1, 2, 3 us) Minitile 8P2S: channel 1, #28 &
ASIC gain: 4.7 mV/fC (programmable 7.8, 14,25 mV/fC) Minitile 8P2S: channel 13, #27 : _
C.=185 1F only 2 ASIC channels are used. | A+ASIC readout by ADC and FPGA

ADC sampling rate: 2 MS/s (0.5 us/time tick) shown in the photo
10 MHz ref. clock locked to the LED trigger & ADC sampling clock Data streaming mode, 45sec/data

L? Brookhaven Data collection: LabView

National Laboratory

2021 IEEE NSS/MIC Data analysis: Python 20




in LN, @ 4.2V OV 8P2S 4.8 nF: subset of raw signal trace (1 second)

noise
mean = 434.7 ADC 1500 | dark pulses —— CHI (#28 8P2S SiPM)
ms = 2.32 ADC . .
12501 signal charge histogram
1000- oo 2.2V
430 ‘\6& Eml |
1 ADC =583 rms ¢ 5001 ]
420 — . . ; . | Histogram Chi #28 8P25
° 5099 Lo0a0 000 025 050 075 1.00 125 150 175  2.00
. ].EG 102 4. 2V
o signal l l |
#28 CH1 92/46V 8P2S ' H . h
_ 42V LED| 1500- LED + da'rk pulses —— CH1 (#28 8P2S SiPM) ‘
b l-pe =189.6 ADC
. 600 7 12501
g
§ 1000+ [ 6.2V
500 )
750 3 l |\| l l k by
i "N

0 5 10 15

time tick (0.3 jts/tick) 000 025 050 075 100 125 150 175  2.00
S/N = 189.6/2.32 = 82 , , . 1e6
L? Brookhaven Time tick [0.5us/tick] total of 1 second

National Laboratory
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Electronic noise and Gain Calibration

30 . 3000 — : —
LAr-ASIC noise from the reference channel 3 1 ps shaping time, ASIC gain 4.7 mV/AC
28 J ASIC gain 4.7 mV/fC 65 fC calibration pulse = 700 ADC,
3 =
Reference 8 2
channel é f S
] W+t . =
7 corresponding FFT
22 2 ~0.5 ADC (rms) 'wi_&,e spectrum | .
. ot e N
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= ! ! ! | ! ! ! I ' ' ' | ! ' ! I ' ! ! T T T T | T T T T | T T T T
0 2000 4000 6000 8000 10000 200 250 300 330
500 _ _
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2 . 800 -
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in LN,: single-photoelectron charge histogram

LED photon flash (triggered) dark pulse
400
HPK minitile #28 8P2S LN2 run { | O
1LED, 92/46V, 4.2V | CN (pe) = % Z = —1=0.12 pe
i=1 £11 PE
3[:”:' T - G. Gallina, et.al., Char n of the Hamamatsu VUV4 MPPCs for nEXO, NIM A940, 371 (2019).
. i AE g
= o OE 2 08+
= 200 - 9 =] #28 8P2S
5 = % 061
= N
1 ZI:I T % 0.4_: ..
100 — . B 027 a
— 8 00 1 T T T T T 7T 1T 7 T ™7
A CT 4.3% 0 1 2 3 4 5 6 7 8
1 over-voltage (volt)
01— )
’ 2 3 4 5 6 7
photoelectron # photoelectron #

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

1-pe resolution (—): <3.5% rms
L? Brookhaven AE

National Laboratory

2021 IEEE NSS/MIC

1-pe resolution: ~5% rms

DCR: ~96 Hz (0.17 Hz/mm?)




Avalanche gain, S/N, resolution (8P2S, 4.8 nF), in LN,

— 8 :
> 5 31-pe Avalaiche ggin 0.15 _
— . 3 1 1-pe regolution
-g 5 ; 0.10 i
] I 4 . | - \
o - Fea i
'_‘H 3 E .ﬁf 0.05 &'&\‘
— 3 6 _
= 23 - 0.60x10%V : e L S S
= ] | i
= 1 e 0.00
[:I = I I I I I I I I I I I I I I I I:I 1 2 3 4 5 6 ?
’ 1 : ’ ) > ° ! 8 0 1-pe S/N ratip
over-voltage (volt) PE
EJ
Avalanche gain of both channels are similar re
100 =
C
. ucell
Avalanche gain = (oV) _ ﬁf’/
e
Cpicen ~ 90 fF -
A . , I R R R R I IEEN NN R
Chicell = € €si— d=depletion thickness o 1 2 3 4 5 e A

L? Broakhaven: over-voltage (volt)

National Laboratory

2021 IEEE NSS/MIC
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timing resolution, and
coincidence resolution

I L? Brookhaven
National Laboratory



Minitile #28 SP2S in LNz @ 4.2 'V : subset of raw signal trace (0.1 second)

Nnoisc
450
mean = 434.7 ADC
rms = 2.32 ADC

440

430

420 T

I
Q 5000

10000

signal
#28 CHI1 92/46V 8P2S
4.2V LED

700

11-pe = 189.6 ADC
600 —

ADC unit

oo

7T
0 5 10 15

time tick (0.5 ps/tick)
E‘,\ Brookhaven

/N=189.6/2.32=81.7

5000

4000

3000 -

2000 -

1000 -

5000

time marker added on bit #12 (trigger) 10 ms apart

2 MHz sampling clock and 1 9&Hz LED trigger are locked

Rand

om dai

'k pulses

f o\

—— CH1 (#28 8P2S SiPM)

0

25000

50000

75000 100000 125000 150000 175000 200000

4000

3000 -

2000 1

1000

LED

+ ran

dom d

|

ark pu

[ses

CH1

(#28 8P2S SiPM)

0

25000

Time tick [0.5us/tick] total of 0.1 second

50000

75000

100000 125000 150000 175000 200000
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K

time coincidence detection: 10 MHz reference clock lock OFF

Photon flash trigger (100 Hz) and the 2 MHz ADC can dither by 0.5 us (I time-tick)

single photoelectrons

4000 1

—— CHI (8P2S SiPM)
3000
2000
1000 -

0 5 10 15 20 25 30 35 40

Time tick [0.5us] total of 20 s ]
trigger
Brookhaven

National Laboratory
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time coincidence detection: 10 MHz reference clock lock ON

single photoelectrons

1500 -

1250 4

1000 -

750 -

500 -

n-pe pulse

—— CH1 (#28 8P25 SiPM)

P p———————r

40 50

1500

1000

500

—— CH13 (#27 8P25 SiPM)

v w N—

L? Brookhaven

National Laboratory

trigger

30
Time tick [0.5us/tick] total of 500 us

40 50

Note: #28 and #27 have different charge gain
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Single-Photoelectron Timing and Coincidence Resolution

Select ONLY 1-pe pulses
Ch 1, #28

CH1 #28 (sinc interpolation)

-10.0 =75 -5.0 =25 0.0 2.5 5.0 7.5

Ch 13, #27

10.0

CH13 #27 (sinc interpolation)

-10.0 -75 50 -25 0o 25 50 75

10.0

1300

J#27 LI‘J2 92/46WV, 4V —®— raw data

sinc interpolation

S00 —

ADC unit

300 T T T I T ' ' I T T T I ' ' T I ' '
G 8 10 12

time (us)

¢  Brooknaven

National Laboratory |

2021 IEEE NSS/MIC

=
o)

normalized event counts normalized event counts

normalized event counts

o
o
=

o
o
w

0.02 1

0.01 1

0.00 -

0.06 1

0.04

0.02 1

0.00 -

0.03 1

0.02 1

Timing jitter, trigger & #28

H28 SPTR
0 25 50 75 100 125 150 175
Time (ns)
Timing jitter, trigger & #27
#H27 SPTR
50 6 25 50 75 100 125
Time (ns)
Time-coincidence between #28 & #27
H28 & #27
oincidence
25 0 25 50 75 100 125 150

Time (ns)

sinc-interpolation + peak finding led to ~10 ns timing resolution

1-pe time jitter histogram, 45 sec data

Photon flash 100 Hz
ADC sampling rate 2 MHz

LN,

Average
rate (Hz)

4V

#28 96 9.94
H27 250.6 6.57
Coinc. 67.3 ~11 ns
coincidence
window = 0.5 ps
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Time coincidence detection
of Dark Pulses ...

I L? Brookhaven
National Laboratory



unexpected time-correlated DARK events (2.2V, 10 ms cumulative)
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unexpected time-correlated DARK events (4.2V, 10 ms cumulative)
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unexpected time-correlated DARK events (4.2V, 10 ms cumulative)
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Hypothesis of time-correlated DARK events: cosmic muon triggered

Time-coincidence between #28 & #27

8

3 0.0471  Select >4-pe pulses

t 0.03

@

o

- 0.02

&

TEU 0.01 I I I I
S

= 0.00

50 25 0 25 50 75
Time (ns)

100

125

LN, Muon trigger| Coinctime
4V Rate (Hz) (ns) rms

H28 1.3
H27 1.8
Coinc. 0.3 9.2 ns

Accidental coincidence = 2 R,4 R,, (0.5 us) =2.25x10° << coincidence rate 0.28

1. event rate in Dark ~1 Hz, ~1% of total DCR (~100Hz)
2. We believe intense >n-photoelectron light pulses are triggered

by cosmic muon

3. At sea-level, cosmic-muon event rate ~1 muon/cm?/minute
. . . _ 3
4, L?Sal}élc\]ﬂ a?éﬁ* quartz window, quartz scatter plate, and ~200 cm

I'Nyeevuld see ~Hz of Cherenkov light.

cosmic muon

Cherenkov
photons

L

. SiPMs
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SiPM terminal capacitance measurements

Brookhaven

National Laboratory
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Terminal capacitance (C;) measurement & charge calibration in LArASIC

T

minitile in LArASIC Cd calculation

gain (mV/fC) 4.7 ﬁ _ [ Vext [ Cext [ADCint] 1
Cb (pF 500
Cinirzp)F) 0.183 Ch Vint Cint™ ADCext
C ext (pF) 1 . .
Vint (volt) o HPK 5.76 cm? SiPM tile 8P2S
V ext (V0|t) 0.5 room NS 8 nF
ADC int (ADC) 700 term“‘al ( )
@ﬁggaleégu(rﬁcl?vq to be measured termlnal (LNZ) 1 9 nF 0 UA:N P




Terminal capacitance (C;) measurement using LCR bridge
HPK Minitile #26, single 6x6 mm? SiPM #D14

Feb 5, 2021, measured on KeySight B1500A

- 25
KeySight B1500A THPK SiPM Minitile 426 Channe] D14 100 kHz
semiconductor device analyzer — i
‘4, 1 —RI
-~ 1 —1¥2 ]
= i ..---'-"""'"_FFF-
& i _g———"'"_—-___f—-ﬂd
2 15—
=, 1 4x 1.45 nF =5.8 nK
5 1
© §
5 05 —
m —
- . 4 ¥ 0.48 nF =|1.92 nF
|:| ] I I 1 I I 1 I 1 1 I I I I 1 I 1 1 I I I
-55 -50 -45 -40 -35

Brookhaven

National Laboratory

©

bias (volt)

Minitile

HPK Minitile SiPM terminal capacitance drop by a factor of ~3 from RT to LN,
(but uCell capacitance remain approx. the same)



Terminal capacitance of various SiPMs: RT and LN,

Terminal capacitance measured by a Cremat bridge RT LN2
nF (nF/cm2) nF (nF/cm2) gain/OV cap.

x1076 (nF/cm2)
reference capacitor 1.2 nF 1.17 1.170 1.17 1.170
FBK 35um HD3 2.269  6.302 2.370 6.583 0.57 6.47
FBK 50um triple trench 2.578 7.161 2.58 7.167 1.43 7.11
HPK S13371-6050CQ-02 (MEG-II #26 D14) 1.510 4.194 0.540 1.500 0.68 4.22
HPK $S13370-6075CN (VUV4 75um) 1.590 4.417 0.410 1.139
HPK S13360-HS-HRQ (DUNE 50um) 1.540 4.278 1.120 3.111 0.666 4.28
HPK S13360-HS-HRQ (DUNE 75um) 1.880 5.222 0.890 2.472 1.484 4.19
HPK S14160-6050-HS (ProtoDUNE FNAL 50um) 2.420 6.722 1.400 3.889 1.104 5.50
HPK S16483-ATS quartz (gtile#11 75um 10mm) 4,430 4.430 1.660 1.660 1.48 4.18

Terminal Capacitance of SiPM at ~0V over-voltage
measurement: Cremat CR111 + 1 pus shaper 0.47 nF decoupling cap.

(nf/cm?)

7.0 mRT 295K mILN2 77K

6.0

5.0

4.0

3.0

l B

1.

© | ] ] ]
reference capacitor 1.2 FBK 35um HD3 FBK 50um triple trench HPK S13371-6050CQ-02 HPK S13370-6075CN HPK S13360-HS-HRQ HPK S13360-HS-HRQ HPK S14160-6050-HS  HPK S16483-ATS quartz

nF (MEG-II #26 D14) (VUV4 75pum) (DUNE 50pm) (DUNE 75pm) (ProtoDUNE FNAL 50pm) (qtile#11 75um 10mm)

* HPK SiPM terminal capacitance drops significantly from RT to LN, — higher S/N ratio
* uCell capacitance remain approx. the same — same charge gain
* Lowering of HPK’s SiPM terminal capacitance in LN, have much benefit in photon readout: s/n improvement,
lower total readout channels, lower overall detector cost ...
L? Brookhaven But we have yet to understand this phenomenon

National Laboratory
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