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The DARWIN is a future direct dark matter search experiment with 50 tons of liquid xenon
(LXe) aiming to discover Weakly Interacting Massive Particles (WIMPs) by detecting scintillation
photons generated by the interaction between WIMPs and xenon nuclei. SiPMs (Silicon Pho-
toMultipliers) have low radioactivity and good photo-detection efficiency for vacuum ultraviolet
light. Therefore, SiPMs offer a potential alternative to photomultiplier tubes (PMTs) presently
utilized in dark matter experiments with LXe. Nevertheless, SiPMs currently suffer from a dark
count rate (DCR) at LXe temperatures that is approximately O(10) times higher than that of
PMTs. In this study, we developed a new VUV-sensitive SiPM with lowered electric field for
avalanche amplification, and demonstrated that the new SiPMs have 6.5–8.6 times lower DCR at
LXe temperatures than that of the conventional SiPMs, achieving a DCR of 0.035–0.069 Hz/mm2

depending on over-voltages.

38th International Cosmic Ray Conference (ICRC2023)
26 July - 3 August, 2023
Nagoya, Japan

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:sakamoto.shun@isee.nagoya-u.ac.jp
https://pos.sissa.it/


P
o
S
(
I
C
R
C
2
0
2
3
)
1
4
3
5

Development of a low-noise SiPM for the DARWIN experiment

1. Introduction

Dual-phase time projection chambers (TPCs) with gas/liquid xenon (GXe/LXe), such as the
XENONnT experiment, have placed strong constraints on the interaction cross-section in the search
for Weakly Interacting Massive Particles (WIMPs) with masses ranging from a few GeV/c2 to a
few TeV/c2 [1]. The LXe TPCs enable to detect prompt scintillation (S1) and delayed electro-
luminescence (S2) of ionized electrons produced by the interaction between WIMPs and xenon
nuclei, allowing for a discrimination between electronic and nuclear recoils [2]. The upcoming
DARWIN (DARk matter WImp search with liquid xenoN) experiment [3], planned for the late
2020s, aims to explore the sensitivity down to the neutrino fog [4], where atmospheric and solar
neutrinos become major backgrounds (BGs). To achieve this, it is essential to further minimize
radioactive BGs, particularly neutron BGs originating from radioactive impurities (238U / 232Th)
present in detector materials [5]. In the current LXe experiments, photomultiplier tubes (PMTs),
sensitivive to LXe scintillation light with a wavelength of ∼175 nm [6], are used to detect both S1
and S2 signals. However, PMTs have relatively high levels of radioactivity [7], and thus further
optimization of their detector materials is required to be used in the DARWIN experiment. Silicon
Photomultipliers (SiPM) offers a promising alternative as a low-radioactive photo-detector since it
is made of low-radioactive silicon wafers. While SiPMs can reduce radioactive impurities, they
suffer from a higher dark count rate (DCR) originating from thermal excitation and tunneling effect.
Conventional SiPMs have a DCR per unit area 10-80 times higher than that of PMTs [8], resulting
in false S1 signals due to accidental coincidences of DCs. Therefore, in order for SiPMs to be used
in future dark matter searches, it is necessary to reduce the DCR to at least the level that realized
for PMTs (∼0.01 Hz/mm2) [8]. In this study, we collaborated with Hamamatsu Photonics K. K. to
develop SiPMs with reduced DC and investigated their performances.

2. New SiPM with Lowered Electric Field

DC in SiPMs can be attributed to two primary sources: thermal excitation and band-to-band
tunneling. At higher temperatures, thermal excitation becomes the primary contribution to DC.
However, at a LXe temperature (∼165 K), the tunneling effect becomes the dominant contribution
for DC in SiPMs. This effect, arising from band-to-band tunneling, exhibits less temperature
dependence. The tunneling effect in SiPMs is strongly influenced by the electric field strength for
avalanche amplification. Reducing the electric field strength can effectively suppress the tunneling
effect and, consequently, reduce DC in SiPMs. In our previous work [9], we developed a dedicated
SiPM with lowered electric field with the help of Hamamatsu Photonics K. K., and demonstrated that
the optimized SiPMs have 6–60 times lower DCR at LXe temperatures than that of the conventional
SiPMs. However, the SiPMs used in our previous study were not sensitive to LXe scintillation light.
In this study, we developed a new VUV-sensitive SiPM (MPPC-VUV-LDC-050UM-SPL, referred
as SPL) with lowered electric field. This SiPM is similar to the commercial SiPM (S13370-
3050CN [10], referred as STD), but its electric field structure is optimized to reduce the DCR
as discussed above. The DCR of the STD, measured to be 0.1-0.8 Hz/mm2 depending on over
voltage [11], can potentially be reduced to 0.01 Hz/mm2 in the SPL, assuming a similar reduction
as demonstrated in our previous work. As shown in Table 1, both SiPMs have similar properties
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in the active area, number of pixels, pixel pitches, and fill factor. However, operation voltage and
single photoelectron (p.e.) gain are different due to the optimized electric field structure. In this
study, we operated two SPLs labeled as SPL-1(-2) and two STDs labeled as STD-1(-2).

Table 1: Comparison of detector parameters between MPPC-VUV-LDC-050UM and S13370-3050CN.

SiPM MPPC-VUV-LDC-050UM S13370-3050CN
(SPL) (STD)

Operation voltage ∼ 90 V ∼ 50 V
Gain (over voltage = 5 V) 1.0 × 106 1.7 × 106

Active area 3 mm × 3 mm
Number of pixel 14400

Pixel pitches 15 𝜇m
Fill factor 60 %

3. Experimental Setup
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Figure 1: Experimental setup.

The experimental setup used for this study is shown in Figure 1. The SPL and STD were
installed inside a vacuum chamber. Each SiPM was biased with the DC power supply (matsusada
P4L 120-0.6), and the signals were amplified with a low noise amplifier (RF Bay LNA-650) with
a 50 db gain. The amplified signals were then read out using a FADC (CAEN Mod. V1751)
with a sampling rate of 1 GHz. The temperature was measured by three Pt-100 sensors and was
controlled with a pulse-tube refrigerator (ULVAC CRYOGENICS PC150U) and a heater connected
to a temperature controller (Chino DB1000D). The experimental setup was operated at various
temperatures, including a temperature range of 153 K to 210 K, as well as at room temperature
(296 K). Throughout the measurements, the temperatures were maintained with stability within ±
0.1 K.

3



P
o
S
(
I
C
R
C
2
0
2
3
)
1
4
3
5

Development of a low-noise SiPM for the DARWIN experiment

4. Measurements and Results

4.1 Gain and Breakdown Voltage

To investigate the single p.e. gain and breakdown voltage (𝑉br) of SiPMs, we measured their
responses to the light from a blue LED. The LED was turned on using square pulses with a
freqency of 500 Hz and a width of 50 ns from a function generator (Tektronix AFG-31051), which
also triggered the data acquisition via the FADC. We obtained 100,000 triggered events for each
temperature and bias voltage. Figure 2 shows the pulse area spectrum of STD-1 and SPL-1 at a
temperature of 162 K and a bias voltage of 48.4 V and 88.5 V, respectively. The single p.e. gain
(𝐺) can be calculated as

𝐺 =
𝐶cell(𝑉bias −𝑉br)

𝑞
, (1)

where 𝐶cell is a cell capacitance and 𝑞 is an electric charge.
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Figure 2: (left) Typical waveforms of single p.e. for SPL (red) and STD (blue) at a temperature of 162 K
and a bias voltage of 48.4 V and 88.5 V, respectively. (right) Pulse area spectrum at a temperature of 162 K
and a bias voltage of 48.4 V and 88.5 V for STD-1 and SPL-1, respectively.

Figure 3 shows a single p.e. gain of SPL-1 and STD-1 as a function of bias voltage. The
slope of the linear fit in figure 3 corresponds to 𝐶cell/𝑞, where the cell capacitance of SPL-1 and
STD-1 are estimated to be 26.9 fF and 45.7 fF at 162 K, respectively. At this temperature, single
p.e. gain of SPL-1 (STD-1) at a bias voltage of 5 V is estimated to be 0.98 × 106 (1.70 × 106).
The breakdown voltage (𝑉br), where the single p.e. gain becomes zero, is shown in figure 4 as a
function of temperature. From Figure 4, it can be observed that 𝑉br of SPL-1 and STD-1 decrease
with a slope of 67.8 mV/K and 54.5 mV/K, respectively. Additionally, at the LXe temperature, 𝑉br

of SPL-1 and STD-1 is estimated to be 83.5 V and 43.4 V, respectively. Notably, no significant
sample dependence is observed in the aforementioned characteristics.

4.2 Dark Count Rate (DCR)

In this study, DCR is defined as the number of pulses per second exceeding a threshold of
0.5 p.e.. In order to compare with that of PMTs, it is normalized by the area of each SiPMs. Given
its strong temperature dependence, the measurement for DCR was performed with two different
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Figure 3: Single p.e. gain of SPL-1 (left) and STD-1 (right) as a function of bias voltage for temperatures
ranging from 153 K to 296 K.
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Figure 4: Breakdown voltage of SPL-1 and STD-1 as a function of temperature.

triggers. The random trigger was employed for measurements at temperatures of 200 K, 210 K, and
room temperature (296 K) due to high DCR values. Conversely, at temperatures below 200 K, a
self-trigger mechanism was utilized with a threshold of 30 mV. This threshold corresponds to 30 %
of single p.e. pulse height for SPL at the over-voltage of 3 V
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Figure 5: Dark count rate of SPL-1(-2) and STD-1(-2) as a function of temperature. From left to right, over
voltage is 3 V, 5 V and 7 V.

Figure 5 shows DCR as a function of temperature at over-voltages of 3, 5 and 7 V. As shown in
the figure, temperature dependence of DCR become less significant at a temperature below 180 K.
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This behavior is consistent with what we observed in our previous work [9]. The DCR of SPL-1(-2)
at LXe Temperature (162 K) is measured to be 0.035–0.061 (0.041–0.069) Hz/mm2 depending on
over-voltages. These are less by a factor of 7.6–8.6 (6.5–7.6) compared with that of STD, suggesting
that the optimizing the electric field strength can decrease the DCR.

5. Conclusion

SiPMs offer a promising solution as low-radioactive photo-detectors in direct dark matter search
experiments using LXe. However, conventional SiPMs exhibit a DCR per unit area 10-80 times
higher than that of PMTs used in LXe experiments. Therefore, it is crucial to minimize the DCR
to at least the level achieved by PMTs. The dominant source of DCs in SiPMs at LXe temperature
is originating from the band-to-band tunneling effect, which strongly depends on the electric field
strength for avalanche amplification. By reducing the electric field strength, the tunneling effect can
be effectively suppressed, leading to a decrease in DC in SiPMs. In collaboration with Hamamatsu
Photonics K. K., we have developed a novel VUV-sensitive SiPM (MPPC-VUV-LDC-050UM-SPL)
with a reduced electric field. We have demonstrated that these newly developed SiPMs exhibit 6.5–
8.6 times lower DCR at LXe temperatures compared to conventional SiPMs, achieving a DCR of
0.035–0.069 Hz/mm2 depending on over-voltages.

Acknowledgments

We would like to express our sincere gratitude to Hamamatsu Photonics K. K. for their
valuable collaboration and for providing the SiPMs used in this study. This work was supported
by Ozawa-Yoshikawa Memorial Electronics Research Program, Toyota Riken Scholar Program,
Tokai Industrial Technology Promotion Foundation, JSPS KAKENHI Grant Number 19H05805
and 20H01931, JST FOREST Grant Number JPMJFR212Q.

References

[1] E. Aprile et al. (XENON Collaboration), First Dark Matter Search with Nuclear Recoils from
the XENONnT Experiment, arxiv:2303.14729 (2023).

[2] E. Aprile and T. Doke, Liquid xenon detectors for particle physics and astrophysics, Rev. Mod.
Phys. 82, 2053 (2010).

[3] J. Aalbers et al. (DARWIN Collaboration), DARWIN: towards the ultimate dark matter detec-
tor, JCAP11 017 (2016).

[4] Ciaran A. J. O’Hare, Dark matter astrophysical uncertainties and the neutrino floor, Phys.
Rev. D 94 063527 (2016).

[5] E. Aprile et al., (XENON Collaboration) XENON1T dark matter data analysis: Signal and
background models and statistical inference, Phys. Rev. D 99, 112009. (2019).

6



P
o
S
(
I
C
R
C
2
0
2
3
)
1
4
3
5

Development of a low-noise SiPM for the DARWIN experiment

[6] K. Fujii et al., High-accuracy measurement of the emission spectrum of liquid xenon in the
vacuum ultraviolet region, Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 795 293-297 (2015).

[7] E. Aprile et al. (XENON Collaboration), Lowering the radioactivity of the photomultiplier
tubes for the XENON1T dark matter experiment, Eur. Phys. J. C 75 546 (2015).

[8] P. Barrow et al., Qualification tests of the R11410-21 photomultiplier tubes for the XENON1T
detector, Journal of Instrumentation 12, JINST 12 P01024 (2017).

[9] K. Ozaki et al., Characterization of New Silicon Photomultipliers with Low Dark Noise at
Low Temperature, JINST 16 P03014 (2019).

[10] Hamamatsu Photonics, https://hamamatsu.su/files/uploads/pdf/3_mppc/

s13370_vuv4-mppc_b_(1).pdf

[11] G. Gallina et al. Performance of novel VUV-sensitive Silicon Photo-Multipliers for nEXO
Eur. Phys. J. C 82: 1125 (2022).

7

https://hamamatsu.su/files/uploads/pdf/3_mppc/s13370_vuv4-mppc_b_(1).pdf
https://hamamatsu.su/files/uploads/pdf/3_mppc/s13370_vuv4-mppc_b_(1).pdf

	Introduction
	New SiPM with Lowered Electric Field
	Experimental Setup
	Measurements and Results
	Gain and Breakdown Voltage
	Dark Count Rate (DCR)

	Conclusion

