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2Nagoya Group's R&D on New Photosensors for DARWIN

Low Dark Count SiPM Hybrid PhotosensorPMT (R13111)

1. Ultra low-radioactive PMT: 3inch R13111 developed by XMASS: Talk by Abe-san 
• Lowest radioactivity ever achieved for LXe DM detectors 
2. Low Dark Count VUV SiPM: This talk 
3. Hybrid Photosensor (PMT/SiPM): See poster by Tomoya 
• Photocathode (converts a photon to an photoelectron) + SiPM (photoelectron detector)

R&D on New Photosensors in Japan
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PMT SiPM 
S13370 (VUV4) Hybrid

Operation voltage ～1500V ～50V Photocathode: < 2 kV 
SiPM: 50-60 V

Single Photon Gain ～5×106 ～2×106 ～2×106

DC rate@165 K ～0.01 Hz/mm2 ～1Hz/mm2 ～0.01 Hz/mm2

Radioactivity High Low Low

QE 30 - 40% 30% 30 - 40%

Low Dark Count SiPM Hybrid PhotosensorPMT (R13111)

Nagoya Group's R&D on New Photosensors for DARWIN



4Low Dark Count UV SiPM

5New Photosensors: New SiPM with lower DC rate 

1. SiPM with lower DC rate (~ 0.01Hz/mm2) 

2. Hybrid-detector (PMT/SiPM) for ultra-low BG: similar to VSiPMT (Napoli)

With the strong cooperation with Hamamatsu, we are developing two different types of photosensors

• At LXe temperature, high DC rate mainly originates from the carriers that are generated by band-
to-band tunneling effect.  

• To suppress the tunneling effect, we have developed a new SiPM with lowered electric field 
strength (reduced doping concentration) in cooperation with Hamamatsu, and characterized its 
performance in a temperature range of 153 K to 298 K.
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Dark pulses of SiPMs mainly originate from  

1. Carriers generated thermally:                                        
strong temperature dependence 

2. Band-to-band tunneling effect (weak dependence 
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1. Thermally generated carriers: 
- strong temperature dependence
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•At LXe temperature, huge DC rate is mainly due to the band-to-
band tunneling effect  

•To suppress the tunneling effect, we have developed a new SiPM with 
decreased avalanche electric field with the help of Hamamatsu

S12572-015C-SPL 
New (SPL)

S12572-015C-STD 
Default (STD)

Operation Voltage ～100V ～65V
Gain@OV=5V ～1.4×105 ～2.3×105

Size 3mm×3mm
Number of pixels 40000
Pixel piches 15μm
Fill factor 53%
Package Ceramic
Trench No trench

Wavelength 300 - 900 nm 

Origins of Dark Count

- Low doping concentration 
Low E-field 

- Thicker depletion layer

2. Band-to-band tunneling effect:  
- weak temperature dependence
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56 第 6章 低ダークカウントレート SiPMの性能評価

図 6.22 図 6.21で求めた Pulse areaの分布。赤色の領域は [µ1p.e. − 4σ1p.e., µ1p.e. + 4σ1p.e.]、赤色の領域は
[µ1p.e. + 4σ1p.e., µ2p.e. − 4σ2p.e.]を示す。

図 6.23 アフターパルス確率とオーバー電圧の関係。

6.8 検出効率（PDE） 61

図 6.28 SPLの STDに対する相対 PDEとオーバー電圧の関係。STDの Vover = 4 Vの時の PDEの平均を 1とした。

図 6.29 LEDの波長（横軸）とオーバー電圧 4 Vの時の SPLの PDE（上）と STDに対する相対 PDE（下）。
黒点線は浜松ホトニクスの STDの PDEの測定結果 [61]。相対 PDEは STDの Vover = 4 Vの時の PDEの平
均を 1とした。マーカーが重なってしまうため SPL-2の点は +10 nmしてプロットした。

6New Photosensors: New SiPM with lower DC rate 
• To suppress the tunneling effect, we have developed a new SiPM with lowered electric field 
strength in cooperation with Hamamatsu, and characterized its performance in a temperature 
range of 153 K to 298 K.

SiPM Hamamatsu 
S12572-015C-SPL

Hamamatsu 
S12572-015C-STD

Operation Voltage ～100 V ～65 V
Gain ～1.4×105 ～2.3×105

Size of photosensitive surface 3 mm × 3 mm
Number of pixels 40000
pixel pitch 15 μm
Fill factor 53%

Sensitivity to VUV light No

New(SPL) Old(STD)

1 kΩ
51 Ω

51 Ω

10 nF

10 nF
0.1 μF

SiPM

SiPM

GND

GND

GND

Bias Voltage

Signal

Signal

Figure 2. (Left): Readout schematic of SiPMs. It is possible to readout two SiPMs using a common bias
voltage. (Right): Typical waveforms of single p.e. for SPL (red) and STD (blue) at a temperature of 163 K
and 164 K, and a bias voltage of 94.6 V (SPL) and 60.0 V (STD), respectively.

4 Measurements and Results

4.1 Gain vs voltages, breakdown voltage, and single photoelectron spectrum

To investigate the single p.e. gain, resolution, and breakdown voltage (+br) properties of both
SiPMs, we measured their responses to the blue light (_ ⇠ 375 nm) from an LED. The function
generator inputs square pulses with a frequency of 460 Hz and width of 30 ns to the LED. We
obtained 40,000 triggered events for each temperature and bias voltage. Figure 3 shows a pulse area
spectrum of SPL-1 at a temperature of 163 K and a bias voltage of 94.6 V.

Figure 3. Pulse area spectrum of SPL-1 at a temperature of 163 K and a bias voltage of 94.6 V with a fitted
Gaussian function (red line). The first and second peaks correspond to pedestal and single p.e., respectively.

At this temperature, single p.e. gains of SPL-1 and STD-1 at a bias voltage of 94.6 V (SPL) and
60.0 V (STD) are estimated to be 1.6 ⇥ 105 and 2.0 ⇥ 105, respectively. The single p.e. resolutions
(
f1?.4.

`1?.4.
) of SPL-1 and STD-1 are measured to be 17.9 % and 18.8 %, respectively, where `1?.4.

(f1?.4.) is mean (standard deviation) of the single p.e. pulse area obtained by fitting with Gaussian
function as shown in figure 3. Figure 4 shows a single p.e. gain of SPL-1 and STD-1 as a function

– 4 –
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•Breakdown voltage becomes larger (+35V), but no significant 
changes in other performances.

- PDE becomes a bit smaller, but can be compensated by 
increasing the operation voltage (+1V)

Low Dark Count UV SiPM JINST 16 P03014 (2021)

- Afterpulse probablility becomes smaller because of less 
doping concentration.

Changes w.r.t the original SiPM S12572-015C-SPL 
New (SPL)

S12572-015C-STD 
Default (STD)

Operation Voltage ～100V ～65V
Gain@OV=5V ～1.4×105 ～2.3×105

Size 3mm×3mm
Number of pixels 40000
Pixel piches 15μm
Fill factor 53%
Package Ceramic
Trench No trench

Wavelength 300 - 900 nm 

New

Default

Default

New

Waveform Breakdown Voltage AP Probability PDE



6Low Dark Count UV SiPM
7New Photosensors: New SiPM with lower DC rate 

• To suppress the tunneling effect, we have developed a new SiPM with lowered electric field 
strength in cooperation with Hamamatsu, and characterized its performance in a temperature 
range of 153 K to 298 K.

Figure 6. (Left): Pulse height distribution of SPL-1 acquired with self-trigger at a temperature of 163 K
and an over-voltage of 6.0 V. Red dashed and solid lines show a self-trigger threshold of 25 mV and a half
p.e. pulse height, respectively; (Right): Dark count rate of SPL and STD as a function of over-voltage at 298
K, 163 K (SPL), and 164 K (STD).

4.2 Dark count rate and cross-talk probability

DCR is defined as the number of pulses per second whose height is larger than 0.5 p.e. In this study,
it is normalized by the active area and the fill factor for each SiPMs. At a temperature between
198 K and 298 K, we acquired data with a random trigger because of high values of DCR. Below
198 K, data were obtained with a self-trigger with a threshold of 25 mV. Figure 6 (left) shows a
pulse height distribution of SPL-1 at 163 K and an over-voltage of 6.0 V, where over-voltage is
defined as +bias � +br. The peak around 60 mV corresponds to the mean of the single p.e. pulse
height. A red dashed line in figure 6 shows the self-trigger threshold of 25 mV. The remaining noise
contribution is discarded by requiring that pulse area is larger than `1?.4. � 3f1?.4.. For the data
acquired with self-trigger, deadtime of the DRS4 evaluation board (⇠ 3 ms) is taken into account
when calculating the DCR. Figure 6 (right) shows DCRs for SPL and STD that are expressed as a
function of over-voltage at temperatures of 298 K, 163 K(SPL), and 164 K(STD).

DCR, as a function of temperature is also shown in figure 7 at over-voltages of 5.0 V and 7.0 V,
respectively. As discussed in section 2, between 200 K and 300 K, the contribution from thermally
generated carriers is dominant; therefore, the DCR shows a rapid decrease with temperature.
However, at temperatures below 200 K, the contribution from carriers originating from the band-to-
band tunneling e�ect is dominant; therefore, the DCR has less temperature dependence. At room
temperature, the DCR of SPL is found to be higher than that of STD. This can be originated from
the fact that the depletion layer of SPL is thicker than that of SPL as discussed in section 4.1. The
DCR for SPL-1(-2) at approximately 165 K is measured to be 0.11–0.24 (0.018–0.071) Hz/mm2

depending on over-voltage, less by a factor of 6–60 compared with that of STD, indicating that the
modified inner field structure reduced the DCR.

Cross-talk probability (CTP) is calculated as #1.5
#0.5

, where #1.5 and #0.5 are the number of pulses
per second whose pulse heights are larger than 1.5 p.e. and 0.5 p.e., respectively [30]. Cross-talk
occurs when multiplied electrons in a cell enter and fire a neighboring cell. Figure 8 shows the
CTPs for SPL and STD at di�erent temperatures as a function of over-voltage. It can be seen from
the figure 8 that the CTP increases with over-voltage for both SiPMs. Moreover, the CTP of STD is

– 6 –

• By modifying the inner electric field structure, the DCR at the LXe temperature could be reduced 
by a factor of 6‒60 compared to that of STD that depended on over-voltage  

• According to Hamamatsu, similar reduction is possible for VUV-type SiPM 
• We are currently working together with Hamamatsu for developing a VUV-sensitive SiPM with 
lower DC rate (~0.01Hz/mm2)

Tunnel effect

Thermal excitation

Published in JINST 16 P03014 (2007.13537)

6.6 ダークカウントレート・クロストーク確率 53

(a) SPL-1、STD-1 (b) SPL-2、STD-2

図 6.18 ダークカウントレートと温度の関係を式 4.2でフィットした図（a）SPL-1、（b）STD-1

図 6.19 ダークカウントレートとオーバー電圧の関係

液体キセノン温度付近では、どのオーバー電圧でも SPLは STDよりもダークカウントレートが小さいことがわか
る。また、SPL-1と SPL-2の間には個体差があった。この原因はわかっていないが、SPL-1と SPL-2は同じ製造
工程で制作されたものであるため、製造工程に由来する個体差である可能性がある。
図 6.20 はクロストーク確率とオーバー電圧の関係である。クロストーク確率は式 4.3 を用いて計算した。SPL
と STDはトレンチがなく、クロストーク確率は 20 % から 60 % 程度であった。オーバー電圧 5 V 程度では SPL
と STDは共に 20–30 %程度であったが、SPLの方がオーバー電圧の増加に対してクロストーク確率の傾きが大き
かった。

•However, this SiPM is not sensitive to LXe scintillation light

•Recently we have developed a VUV-sensitive low-noise SiPM and characterized 
its performances.

•We managed to reduce the DCR of UV SiPMs by a factor of 6 - 60.

JINST 16 P03014 (2021)



7New VUV SiPM
SiPM S13370-3050CN  

(VUV4, Default)
New

Operation Voltage 40-50 V 80-100 V

Active Area 3×3 mm2

Number of pixels 14400 6400

Pixel size 50×50 µm2 100×100 µm2

Fill factor 
(next page) 58% 74% >> 74% 

VUV4_1

VUV4_2

New_1

New_2

•Breakdown voltage becomes larger (+40V) as observed in UV SiPMs

•Our previous measurements indicates reducing DCR may worsen PDE.  
Therefore, Hamamatsu optimized fill factor and managed to increase the PDE

6.8 検出効率（PDE） 61

図 6.28 SPLの STDに対する相対 PDEとオーバー電圧の関係。STDの Vover = 4 Vの時の PDEの平均を 1とした。

図 6.29 LEDの波長（横軸）とオーバー電圧 4 Vの時の SPLの PDE（上）と STDに対する相対 PDE（下）。
黒点線は浜松ホトニクスの STDの PDEの測定結果 [61]。相対 PDEは STDの Vover = 4 Vの時の PDEの平
均を 1とした。マーカーが重なってしまうため SPL-2の点は +10 nmしてプロットした。

PDE of UV SiPM



9Setup 

Vacuum pump

Pulse Tube
Refrigerator

(PC150U)

Cu

DC power supply
(matsusada P4L 120-0.6)Amplifier

LNA-650
FADC

(CAEN Mod. V1751)

SiPM

Function generator
(AFG-31051)

Temperature monitor
(ADAM 6015/ADAM 6017)

Temperature controller
(Chino DB1000D)

Vacuum chamber

Trigger

LED

Pt-100

Pt-100

Heater

•Low-temperature in vacuum (controlled between 150 and 210 K) 

•2 samples for each pixel sizes 

•Digitizer: CAEN V1751 (1GHz sampling) 

•Temperature was stable with < 0.1K fluctuation during all the measurements

VUV4_1

VUV4_2

New_1

New_2



10Single-Photon Response
Over-

voltage
New 

100 µm
New 

50 µm
VUV-4 
50 µm

 
 

1pe Gain 
[×106]

3 V 1.6 0.6 1.0

5 V 2.6 1.0 1.7

7 V 3.6 1.4 2.4

breakdown voltage  
@ 165 K [V]


84.4 83.4 44.4

•No significant changes in waveform shapes 

•Breakdown voltage increased by 40V 

•1PE gain becomes smaller at the same over-voltages, but 
still it has ~106 gain

OV=5V, 50 µm

New
VUV4

New
VUV4

OV=5V, 50 µm

New 50 µm / 100 µm
New

New

50 µm

VUV4_1
VUV4_2

New_1

New_2

New

VUV4

Breakdown Voltage vs Voltage



11Dark Count Rate: 50um pixel

•Dark count rate (DCR) at high temperature(200-210K) was measured 
with random trigger because of its large DCR 

•DCR at low temperature was measured using self-trigger with  
the threshold of 0.5 pe pulse height. 

•Reached DCR of O(0.01) Hz/mm2 for 50um pixel size

OV = 5 V

@167K

DCR [Hz/mm2] Reduction w.r.t. 
VUV4

New-1 
(50um)

0.049 – 0.073 13 - 16% 

New-2 
(50um)

0.060 – 0.087 15 - 20 %

VUV4_1
VUV4_2

New_1

New_2

VUV4_1
VUV4_2

New_1

New_2



12Dark Count Rate: 50 & 100um pixel

•DCR for 100um pixel is ~1.6 times higher than that for 50um pixel when compared at the same over-voltages. 

•However, 50 and 100 um pixel have different 1PE gain/PDE. Therefore, DCR should be compared at the same 1PE gain or PDE. 

•Both 50/100 pixel SiPMs have almost the same DCR at the same gain of 1e6 (~ 0.05 Hz/mm2)

7.4 ダークカウントレート 53

図 7.21 過電圧 3 Vにおけるダークカウントレートの温度依存性

図 7.22 過電圧 5 Vにおけるダークカウントレートの温度依存性
光検出器 STD SPL-50um SPL-100um

過電圧 = 5 V
DCR [Hz/mm2] 0.425± 0.010 0.064± 0.006 0.106± 0.005

STDからの低減効果 - 6.6分の 1 4.0分の 1

ゲイン（1.0× 106） DCR [Hz/mm2] 0.305± 0.010 0.056± 0.005 0.072± 0.001

STDからの低減効果 - 5.6分の 1 4.3分の 1

表 7.4 液体キセノン温度におけるダークカウントレートの値と STDからの低減効果。過電圧が 5 Vの場合と
1.0× 106）のゲインで規格化したときについて比較を行っている

54 第 7章 新型 SiPMの性能評価

図 7.23 過電圧 7 Vにおけるダークカウントレートの温度依存性

図 7.24 （左）液体キセノン温度におけるダークカウントレートの過電圧依存性、（右）液体キセノン温度にお
いて 1.0× 106 のゲインで規格化で規格化し、ゲイン依存性を比較した図

7.5 ゲイン／ダークカウントレートの長期安定性の測定
DARWIN実験では 200 トン ·年の統計を貯めるために 5 年以上の歳月が必要となる。それだけの長期間での運

用を行う上で光検出器の特性の安定性が不可欠である。本節では液体キセノン温度下での安定性について約 28 日
間の測定を行い、1 光電子ゲインとダークカウントレートについて長期安定性を評価した。その結果を図.7.25 に
記す。
図.7.25より、その揺らぎ（=標準偏差／平均値）は 1光電子ゲインについては 2.4 %、ダークカウントレートに

ついては 1.2 %で安定していた。XENONnT実験で用いられている PMT（R14410-21）はおおよそ 2-3 %程度の
揺らぎを持つことが知られている。本研究の安定性の測定結果と比較して、SiPM は現行の実験で用いられている

@T=167K@T=167K

VUV4_1
VUV4_2
New_1 (50um)
New_2 (50um)
New_1 (100um)
New_2 (100um)

VUV4_1
VUV4_2
New_1 (50um)
New_2 (50um)
New_1 (100um)
New_2 (100um)

OV=5V



13What’s the Impact on Accidental Coincidence Rate (Lone-S1 Rate)
•Assuming SiPMs are used for both the top/bottom arrays @ DARWIN, ~73,000 channels (12×12 mm2) are needed　

PMT

0.01 Hz/mm2

New 

0.049 Hz/mm2

VUV4

0.3 Hz/mm2

3-fold 2.2 Hz ~700 Hz ~1.0×105 Hz

4-fold - ~10 Hz ~1.0×104 Hz

7-fold - - ~3 Hz

•Lone-S1 rate @ XENONnT is O(1) Hz , originating from interactions below cathode/CIV or shadow effect

•N-fold requirement might be improved from 7-fold to 4-fold with the SiPM we developed
•100 nsec coincidence window is assumed

Lone-S1 rate @ XENONnT 

•DCR contribution to lone-S1 rate is negligible in XENONnT because low DCR for PMT (0.01 Hz/mm2)

• If we use SiPMs for the top array only, this effect (and eCT) 
should have less impact.



14Cross-talk Probability

50 µm

New, 50 µm

•As expected, cross-talk probability for VUV4 and new SiPMs seems almost the same at the same 1PE gain. 

•100 um pixel has less cross-talk probability because it has larger active area (smaller chance for infrared photons to propagate to 
nearby SPADs.) 

•No significant temperature dependence was observed. 

•

Optical Cross-talk in SiPMs


•  Optical cross-talk

–  Probability for photons to trigger neighboring cells
–  Few 10s of photons emitted during primary avalanche
–  Results in artificial increase in signal (one incident photon registers as two (or more) 

avalanches)
–  Contributes to excess noise factor
–  Can be significant and problematic in some applications

•  Objective: to learn about cross-talk probability from light emission in SiPMs

IEEE       November 12, 2018 Derek Strom        MPI für Physik 4

2 neighboring SPADs

              ~10 - 100 um

VUV4
New
VUV4
 New

New_1  (50um)

New_2  (50um)

New_1  (100um)

New_2  (100um)



15Afterpulse Probability

N(AP)  = [μ+4σ(1pe), 2μ-4σ(2pe)] 

N(1pe) = [μ-4σ(1pe), μ+4σ(1pe)] 

P(AP) = N(AP) / N(1pe)

•AP probability for new SiPM is smaller at the same 
1PE gain, probably due to lower dope concentration. 

•100 um pixel seems to have less AP probability 

•No significant temperature dependence was observed.

50 µm

VUV4
New
VUV4
 New

New_1  (50um)

New_2  (50um)

New_1  (100um)

New_2  (100um)

1pe AP

AP

1pe



16Summary
•We have developed a low-DC VUV SiPM and characterized its performance.

•We managed to reach DCR of O(0.01) Hz/mm2 for both 50 and 100 um pixel sizes.

DCR [Hz/mm2] 
50 um

DCR [Hz/mm2] 
100 um

Sample1 
(OV=3-5V)

0.049 – 0.073 0.076 - 0.094

Sample2

(OV=3-5V)

0.060 – 0.087 0.078 - 0.098

•Thanks to the optimization of fill factor, new SiPMs have reasonable PDE of 20 - 35 % depending on pixel size

•According to Hamamatsu, they can further optimize the configuration to reduce DCR.

•We will measure the absolute PDE of new SiPMs at LXe temperature and compare with Hamamatsu measurements.



Backup 



19Accidental Coincidence Rate 
15Accidental Rate

https://xe1t-wiki.lngs.infn.it/doku.php?id=xenon:xenonnt:hagar:coincrates

From Hagar’s wiki-page



20Long-Term Stability

50 µm 50 µm

Stability SPL-1 SPL-2 STD 1 STD 2

DCR 6.9% 6.5% 2.4% 2.3%

1pe Gain 0.19% 0.23% 0.17% 0.20%

•Both 1PE gain and DCR were stable for 1-month 
measurements


