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Abstract: In this article we report a novel phenomenon that we observed while evaluating the
performances of different models of silicon photomultiplier detectors at liquid nitrogen temperature.
Bursts of consecutive events, characterized by a rate that is about 100 times that of the single-event
uncorrelated dark counts, are generated within the SiPMs, resulting in an overall increase of the dark
current. We observed these bursts in the vast majority of the tested SiPM models manifactured by
Hamamatsu Photonics K.K. This observation is part of an effort to fully characterise the behaviour
of SiPMs at cryogenic temperature. The investigation of this phenomenon, of which a first attempt is
presented in this article, can impact future production and selection of models for both high energy
physics and industrial applications.
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1 Introduction

Silicon photomultipliers (SiPMs), sometimes referred as multi-pixel proportional counters (MPPCs),
are photosensors consisting of a large matrix of single-photon avalanche diodes (SPADs) operating
in the Geiger-Müller regime. The matrix behaves like a single detector, producing a macroscopic
current when hit by one or several photons [1]. With respect to other photosensors, SiPMs are
characterised by a good robustness, high sensitivity and dynamic range, and magnetic field immunity.
Moreover, their reduced cost and size allow to fill large surfaces with high granularity sensors. For
such reasons, these detectors have being increasingly preferred to other traditional photosensors in
the last years [2–5]. The applications of SiPMs span a very wide range that includes particle physics
and astronomy [6–9], industry and technology [10, 11], and the medical sector [12, 13].

In low photon count applications, the main drawback of SiPM detectors is the relatively high
dark count rate (DCR) at room temperature (∼ 100 kHz/mm2), which is dominated by the thermal
generation of carriers in the silicon junction that mimic the absorption of a photon in the sensor [1].
This issue can be overcome by cooling the SiPMs at cryogenic temperatures, thus lowering the
Boltzmann factor by many orders of magnitude, resulting in the inter-band tunnel effect being the
main contributor to the DCR [1]. Nevertheless, a thorough investigation of the behaviour of the
SiPMs at cryogenic temperatures is lacking, and unexplained phenomena could still be observed. In
this article we present experimental results concerning an unexpected correlated noise that we have
found in several SiPMs models operated at low temperature. The paper is organised as follows: in
section 2 we present the experimental set-up and the sensors that have been used for these studies, in
section 3 we describe the protocol and results of our measurements, and in section 4 we discuss the
possible implications and further investigation that could be performed on this topic.
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Figure 1. a) Sketch of the set-up used for IV-curve measurements; b) Sketch of the set-up used for dark count
rate measurements; c) and d) are different examples of tested SiPMs: the first is a surface mount type with a
hole wire bonding connections, while the latter has a ceramic packaging with a lateral wire bonding.

2 Experimental set-up for cryogenic characterisation of SiPMs

In order to characterise the SiPM detectors at cryogenic temperatures, the first step consists in the
measurement of the current-voltage characteristic curve (IV), which allows to quantify the breakdown
voltage (VBD) and quenching resistor (R𝑄). The former parameter is particularly important because
it enables the definition of the working point of the sensor in terms of applied voltage, while the
latter impacts the shape of the recorded signals. As numerous works demonstrate, the R𝑄 increases
when the SiPM is cooled down at LN2 temperature, while the VBD decreases [14–18].

Once the VBD and the R𝑄 are determined, the following step consists in counting the signals
produced by the SiPM, with an applied voltage that exceeds VBD by a few volts (VOV), and in
absolute darkness. These signals include the already mentioned dark counts, as well as correlated
events shortly-following an avalanche. When these events happen in the same SPAD they are known
as afterpulse (AP), while we refer to them as cross-talk (CT) when they happen in a different SPAD.
Primary dark signals, CT and AP events, are distinguishable by studying their amplitude and intrinsic
time, as we will show later in this article.

– 2 –
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2.1 Tested SiPM devices

As previously mentioned, the SiPM models that have been tested for this study were produced by
Hamamatsu Photonics K.K. (HPK). The main characteristics of the sensors that are not covered
by nondisclosure agreement with the vendor are listed in table 1. For many of these devices more
details can be found in HPK SiPM catalog. The active area of all the tested SiPMs is 36mm2. The
number of samples that have been tested for each (#) model is reported in the last column.

Table 1. Characteristics of the different models of SiPMs that have been tested for this study. * =custom splits
produced for DUNE experiment based on the 13360 chip with a low quenching resistors which are ∼ 35Ω and
∼ 50Ω at room temperature for the 50 μm and the 75 μm pitch, respectively. 1 = surface mount type; 2 = hole
wire bonding; 3 = standard lateral wire bonding; 4 = through silicon via bonding. 𝑎 = see description in the text.
Different examples of the package of these SiPMs are shown in figure 1c) and d).

Model Pitch 𝑁cells Package Connections Window Resin thickness # 𝑎

HPK 13360-6050LRQ* 50 μm 14331 SMT1 HWB2 silicone resin 150 μm 14
HPK 13360-6075LRQ* 75 μm 6364 SMT1 HWB2 silicone resin 150 μm 20
HPK 13360-6025CS 25 μm 57600 Ceramic LB3 silicone resin 400 μm 2
HPK 13360-6050CS 50 μm 14331 Ceramic LB3 silicone resin 400 μm 3
HPK 13360-6075CS 75 μm 6400 Ceramic LB3 silicone resin 400 μm 2
HPK 13360-6050VE 75 μm 14331 SMT1 TSV4 epoxy resin 100 μm 2
HPK 14160-6050HS 50 μm 14331 SMT1 HWB2 silicone resin 150 μm 2

2.2 Experimental apparatus

The sketches of the used experimental set-up are shown in figure 1. A 20 dm3, large-aperture dewar,
filled with liquid nitrogen, provides the cryogenic environment for the measurement. The dewar is
placed into a custom dark box covered by polyurethane-coated black fabric to shield the sensors
from external light. The different instrumentation used for the IV curve and DCR measurements
are shown in figure 1a) and 1b) respectively. For the IV curve, a source meter unit (SMU1) is
connected to the cathode and anode of the tested SiPM through two triaxial cables in order to reduce
the electronic noise. The SMU provides the voltage supply for the sensor and at the same time it
measures the output current, producing the IV curve of the diode. When measuring the DCR we
instead couple the SiPM anode to a custom cryogenic AC amplifier2 to produce a signal that is
readable directly at the oscilloscope.3 The voltage across the SiPM is ensured by a stabilised DC
power supply,4 while another DC power supply guarantees the amplifier operation.5 In either case,
the characterisation of the SiPM starts 30 minutes after the immersion in liquid nitrogen, to ensure
full thermalisation of the sensor.

The oscilloscope used for the DCR measurement was set to the fast frame acquisition mode, in
which for every trigger a recorded waveform is stored in a temporary buffer before being saved to
disk. This enables relatively long data acquisitions with deadtimes that are negligible with respect

1Keithley Sourcemeter 2450.
2Custom amplifier designed by INFN Bologna. Bandwidth> 300MHz; gain∼ 15 μV/fC.
3Tektronix MSO oscilloscope 6 series.
4TTI EX354T DC power supply.
5Keysight E3648A dual power supply.

– 3 –
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to the expected DCR (∼Hz). Typically, we collect a few thousands of 4 μs waveforms, sampled in
5000 points each (samplig rate = 1.25GS/s) setting an analogic input bandwidth at 20MHz. This
corresponds to about 1 h of data taking. Other acquisition parameters of the oscilloscope are a 50Ω
input load and a 0.5 photoelectrons (p.e.) trigger threshold on the negative slope of the signal.
Two examples of waveforms recorded setting a trigger threshold at −3.5mV (−0.5 p.e.) are

shown in figure 2. In the first one (figure 2a), a single dark count signal is present, while in the
second one (figure 2b), a cross-talk (CT) between two different SPADS produced a peak with double
amplitude. In addition to that, an after pulse (AP) event happening during the recharging of the cell,
results in a smaller delayed peak.

Figure 2. Examples of recorded waveform; the 𝑥 axis is the time, while the 𝑦 axis is the SiPM output signal in
mV. The green points are identified as peaks. a) This waveform shows a single dark signal; b) this waveform
shows a CT and an AP event.

The oscilloscope stores the acquired data in two comma-separated values (csv) files: one
containing the waveforms; and the other storing the relative time of each trigger with respect to the
previous one. These files are then processed offline with a dedicated software that extrapolates the
peaks and computes the values of DCR, as well as the probability of AP and CT events.

2.3 Offline analysis

The offline analysis is performed bymeans of two python scripts. The first one, orwaveform_analyzer,
isolates the single waveforms, and computes the timestamp of each data point by combining
the information from the two oscilloscope output files. It then proceeds to identify the peaks,
corresponding to local minima of the waveform (see figure 2), and to compute their time and
amplitude by subtracting the local waveform baseline (i.e. the average value of the pre-trigger data).
The list of selected peaks with their times and amplitudes is then processed by a second algorithm,
the peak_analyzer, which is used to produce the results and plots related to the SiPM characterisation
that are shown in this article.

3 Measurements and results

Figure 3, produced by the peak_analyzer, shows the distribution of selected events in terms of
peak amplitude and time delay Δ𝑡 between consecutive peaks, for one of the tested SiPMs (HPK
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13360-6075LRQ) operated at +3V of overvoltage. In the figure we can clearly see a cluster of
events with a 1 p.e. amplitude and a Δ𝑡 of the order of a second, corresponding to the primary
dark signals. In this figure, we can also recognize a second smaller distribution of events at very
short Δ𝑡 ([10−8–10−6] s), corresponding to the AP and events with an amplitude of 2 or more p.e.,
corresponding to the CT. In addition to that, another group of events with a 1 p.e. amplitude, but a
Δ𝑡 of the order of [0.1–10]ms, is clearly distinguishable from the dark signals cluster. These events
correspond to quick trains, or bursts, of correlated events, the origin of which is still to be understood.
The presence of such bursts is clearly visible also from figure 4, which shows the amplitude and time
trend distribution of the events. The average Δ𝑡 between peaks drops in correspondence of one burst
occurring, slowly coming back to previous values as the burst ends (figure 4b). The bursts are also
identifiable as peaks in the timestamp distribution (figure 4a).

Figure 3. Time-delay (Δ𝑡) and amplitude (A) distribution of identified peaks produced by the peak_analyzer.
Primary dark signals are clustered at Δ𝑡 ∼ 0.1 s and 𝐴 = 1 p.e. (∼ 7𝑚𝑉); after pulses have much shorter Δ𝑡
([10−8–10−6] s); while cross-talk events have 𝐴 > 1 p.e. Events from bursts resemble primary dark signals,
but have a shorter Δ𝑡 ([0.1–10]ms).

In figure 5b), the same amplitude-Δ𝑡 distribution of figure 3 is shown for the SiPM model HPK
13360-6050CS operated at +3V of overvoltage. In this case, only the standard DCR population is
visible, and the population due to bursts is absent, as these trains of events do not occur for this SiPM
model. A similar plot can be produced for the previous sensor (HPK 13360-6075LRQ), by removing
offline the bursts as shown in figure 5a). This is achieved by the peak_analyser with a dedicated
algorithm that identifies chains of events with short Δ𝑡, and allows to separate events belonging to
different clusters (bursts and DCR).
By tagging and isolating the bursts and the first event of each, we can study these trains of

events. We identified some common features of the bursts: first, they tend to start with a relatively

– 5 –
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Figure 4. a) histogram of the absolute time (timestamp) of single peaks. b) Δ𝑡 between events vs event ID.

Figure 5. Time-delay (Δ𝑡) and amplitude distribution of identified peaks produced by the peak_analyzer.
Figure a) shows the SiPMmodel HPK 13360-6075LRQ, where the events from bursts are removed offline while
figure b) shows the distribution of another SiPM model (HPK 13360-6050CS), that does not present any burst.

high-amplitude event (≥ 4 p.e.) as shown in the histogram of figure 6; secondly the average number
of events with a [0.1 − 10]ms Δ𝑡 contained in a burst is ∼ 100 (bottom plot of figure 6); and finally
they generally last for a few tenths of a second. All the peaks in the bursts are distributed around
the 1 p.e. amplitude value, except for the CT and AP events, that are still present. No evidences of
correlations between burst events and R𝑄 or VBD as derived from the charachteristics IV curve of
the SIPMs have been found.

The values of the measured DCR of different models of SiPM, compared to the one calculated
after the offline analysis that identifies and removes burst events, are shown in the table 2. Considering

– 6 –
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Figure 6. Number of events in a burst vs amplitude of its first event.

the whole sensors, the values of the DCR range between ∼0.2Hz and ∼2Hz and, as expected, DCR
decreases always in the SiPMs that show bursts behavior. As shown in the table, the following models
do not present burst events: HPK 13360-6025CS; HPK 13360-6050CS and HPK 13360-6075CS.

Table 2. Some results of the data obtained using the peak_analyzer algorithm. 1tested @ OV = +3V; 2tested
@ 𝑂𝑉 = +4V.

Model Measured DCR Burst events DCR with offline burst removal
HPK 13360-6050LRQ1 (41 ± 6)mHz/mm2 yes (20 ± 4)mHz/mm2
HPK 13360-6075LRQ1 (49 ± 8)mHz/mm2 yes (20 ± 7)mHz/mm2
HPK 13360-6025CS2 (7 ± 1)mHz/mm2 no (7 ± 1)mHz/mm2
HPK 13360-6050CS1 (36 ± 1)mHz/mm2 no (36 ± 1)mHz/mm2
HPK 13360-6075CS1 (14 ± 1)mHz/mm2 no (14 ± 1)mHz/mm2
HPK 13360-6050VE1 (44 ± 1)mHz/mm2 yes (17 ± 1)mHz/mm2
HPK 14160-6050HS1 (117 ± 1)mHz/mm2 yes (14 ± 1)mHz/mm2

4 Discussion and conclusions

In this article we present a newly discovered phenomenon occurring in some HPK silicon photo-
multiplier models at liquid nitrogen temperature. Bursts of consecutive avalanche events, typically
triggered by a high-amplitude event and separated by [0.1–10]ms, result in an increased total number
of dark counts for the device. They differ from primary dark signals by their higher frequency and
correlated nature. This phenomenon is not reported in literature yet, and neither the cause nor the
underlying physical mechanism are known. Nevertheless, we developed analysis tools to isolate and
study the bursts, and identified some of their common features. These bursts of events have been
observed in both SiPMs with silicone or epoxy coating, with hole wire bond or through silicon via

– 7 –
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connections, and with different cell pitch. We did not find this behavior in the models 13360-60xxCS
(where xx = 25, 50 and 75 and stands for the cell pitch in μm) which are ceramic mount SIPMs with
a lateral bond and a 400μm coating silicone resin.

Currently, we are investigating the nature of these bursts, in collaboration with the vendor, by
developing dedicated studies. A better understanding of such behaviour could in fact have crucial
implications in the selection of models of SiPM for their numerous applications. Furthermore, these
studies could lead to a better characterisation of SiPM behaviour at cryogenic temperatures.
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