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 A B S T R A C T

In the next generation of experiments in high energy particle physics a large increase in beam interaction 
density will necessitate upgrades of particle detectors. Examples are the Ring imaging Cherenkov detectors 
(RICH) in the planned upgrades of the LHCb, Belle II and ALICE 3 experiments. The upgraded RICH 
detectors will need photodetectors capable of detecting rings of Cherenkov photons at high rates of true and 
background events as well as large background radiation. Silicon photomultipliers (SiPMs) are an attractive 
photodetector candidate, with the main remaining technological challenge being the resistance to neutron 
radiation damage — during the whole experiment run time, the photodetectors are expected to receive a 
fluence of a few 1013 1-MeV neutron equivalent/cm2. To achieve the targeted radiation tolerance, as well as 
other RICH detector requirements, dedicated developments and a combination of radiation damage reduction 
and mitigation techniques, such as cryogenic cooling, are needed. The spadRICH project is developing a CMOS 
single-photon avalanche diode (SPAD) based photodetector optimized for the application of the planned RICH 
detectors, with SPADs designed specifically for radiation hardness and cryogenic operation. In this work, we 
report on dark count rate measurements of SPADs designed by the AQUA Lab in 55 nm BCD technology and 
110 nm CMOS image sensor technology, performed down to liquid nitrogen temperatures and for neutron 
irradiation up to 1012 1-MeV neutron equivalent/cm2.
1. Introduction

Silicon photomultipliers (SiPMs) are considered as prime photode-
tector candidates for future ring imaging Cherenkov (RICH) detectors, 
with their main limitation being the sensitivity to neutron radiation. For 
example, in the planned LHCb RICH Upgrade II, the photodetectors will 
have to efficiently detect single photons with timing resolution about 
100 ps and limited dark count rate (DCR), even after a total fluence 
of about 1013 1-MeV neutron equivalent/cm2 (n𝑒𝑞/cm2). With current 
technology, this seems barely possible by cooling the SiPMs close to 
liquid nitrogen temperature [1]. The spadRICH project is developing 
a digital analog SiPM [2,3] specifically for future RICH detectors. The 
sensors will be fabricated in standard CMOS technology and optimized 
for radiation hardness. To guide the design of these sensors, we in-
vestigated the performance of existing single photon avalanche diode 
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(SPAD) sensors after neutron irradiation and operating at cryogenic 
temperatures. We previously reported on the results achieved with 
180 nm SPADs [4] produced in standard CMOS technology [5]. Here 
we present DCR results for SPADs designed by the EPFL AQUA Lab 
in 55 nm BCD technology [6,7] and 110 nm CMOS image sensor 
technology [8] irradiated up to 1012 n𝑒𝑞/cm2. The low temperature 
behavior of some of these SPADs, mostly before neutron irradiation, 
was already investigated in [9].

2. Methods

Table  1 summarizes the design parameters of SPAD samples, which 
were characterized before and after neutron irradiation performed at 
the Jožef Stefan Institute TRIGA reactor. Three sets of 55 nm sam-
ples were irradiated to fluences of 1010 n𝑒𝑞/cm2, 1011 n𝑒𝑞/cm2 and 
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Table 1
Properties of SPAD samples characterized: technology node in which they 
are produced, junction type, SPAD diameter (D), breakdown voltage at room 
temperature (V𝐵𝑅), and temperature coefficient of the breakdown voltage (k𝑇 ).
 Label Technology Junction D V𝐵𝑅 k𝑇  
 (μm) (V) (mV/K) 
 101

55 nm
P/N 10 31 25  

 103 12 31 27  
 331 N/P 8 23 28  
 335 10 19 19  
 108005

110 nm P+/N
5 20 16  

 115005 5 21 20  
 115 10 20 15  

1012 n𝑒𝑞/cm2. Two sets of 110 nm samples were available and were 
irradiated in two steps, first to 109 n𝑒𝑞/cm2 and 1010 n𝑒𝑞/cm2, and later 
to 1011 n𝑒𝑞/cm2 and 1012 n𝑒𝑞/cm2, respectively.

The characterization of SPADs was performed with an experimental 
setup based on the one presented in [1,9]. The SPAD and front-end am-
plifier board were placed inside an aluminum box, which was inserted 
in a dry liquid nitrogen container. Measurements were performed at 
stabilized temperatures between room (RT) and liquid nitrogen temper-
ature by means of a temperature probe and resistive heaters attached 
to the aluminum box. The DCR was measured in two ways: using a 
scaler (Aim-TTi TF930 Universal Counter) and by measuring the inter-
pulse arrival times with a custom TDC implemented on Arduino board. 
The scaler provided accurate measurements of DCR at high rates (> 1 
cps), while the TDC enabled also the measurement of lower rates. 
The DCRs reported here were obtained from scaler measurement for 
DCR > 100 cps, and from TDC otherwise. The breakdown voltages at 
each temperature where DCR characterization was performed were 
determined from a separate calibration measurement for all SPAD 
samples. We did not observe a change in breakdown voltage even at the 
highest neutron fluence. All DCR measurements reported were made at 
temperature-adjusted excess bias voltage of 6 V.

Data was obtained at 11 temperature steps, for up to 30 min per 
step in order to obtain sufficient statistics in very low DCR cases. 
Such measurement time placed the lower limit for measurable DCR 
on the order of 10−3 cps. Considering also the settling time between 
temperature steps, which ranged from 10 min to 30 min, and the 
time necessary for the breakdown voltage calibration measurement, 
this meant that at most one sample per day could be characterized.

3. Results and discussion

The DCRs measured at different neutron fluences and temperatures 
are shown in Figs.  1 and 2. Some data points at lowest temperatures 
are missing due to disconnects of power or signal lines after continuous 
temperature cycling. The SPADs survived the lowest irradiation level 
(1010 n𝑒𝑞/cm2 for 55 nm SPADs and 109 n𝑒𝑞/cm2 for 110 nm SPADs) 
mostly unaffected, but exhibit large increase in noise (3−5 orders 
of magnitude at RT) at 1012 n𝑒𝑞/cm2. Since this data was obtained 
with only a few samples, the results may not accurately represent 
the statistical effects of irradiation at certain fluences. For example, 
one sample of SPAD type 115, which was exposed to the fluence of 
1010 n𝑒𝑞/cm2, apparently received higher actual damage than the other 
sample, exposed to 1011 n𝑒𝑞/cm2 (Fig.  2c). Still, most of the results 
follow the expected trends. First, SPADs with larger volume (diameter) 
exhibit larger DCR increase with irradiation level (e.g. Fig.  1b vs. a, 
Fig.  2c vs. b). Second, the smaller technology node seems to perform 
better, especially the 55 nm N/P junction samples, both of which were 
unaffected by 1011 n𝑒𝑞/cm2 (Fig.  1c and d), unlike the three samples 
of 110 nm SPAD, all of which had an increase in DCR at or before 
this fluence (Fig.  2). Third, cooling improves the DCR performance, 
with majority of samples recovering at least three orders of magnitude 
2 
Fig. 1. Dark count rates measured at different neutron irradiation levels and 
temperatures for 55 nm SPAD samples. The leftmost point represents the DCR 
at RT before irradiation, with its position not corresponding to the scale of the 
rest of the 𝑥-axis.

in DCR by −180 ◦C even at highest fluence (Fig.  1a-c, Fig.  2a and 
b). On the other hand, two SPADs received especially high damage at 
1012 n𝑒𝑞/cm2, as evidenced by the fact that even cooling to the lowest 
temperature only recovered about one order of magnitude in DCR (Fig. 
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Fig. 2. Dark count rates measured at different neutron irradiation levels and 
temperatures for 110 nm SPAD samples. The leftmost points represent the DCR 
values before irradiation, with their position not corresponding to the scale of 
the rest of the 𝑥-axis.

1d and Fig.  2c). These examples illustrate the importance of further 
improvements needed to achieve radiation hardness in SiPMs up to the 
required level of about 1013 n𝑒𝑞/cm2, specifically the potential benefits 
of integrated electronics which would enable switching off the most 
damaged SPADs.
3 
4. Conclusion

SPADs with different design parameters were characterized in terms 
of their DCR at different neutron irradiation levels up to 1012 n𝑒𝑞/cm2 
and temperatures down to liquid nitrogen temperature. The results 
obtained with the few samples studied follow the expectations that 
smaller SPAD active volumes and smaller technology nodes help with 
radiation hardness. Cooling to −180 ◦C improved the DCR at the 
highest irradiation by at least three orders of magnitude for all but a 
couple of most damaged samples.
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