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Secondary photons in SiPMs are responsible for at least three processes: (i) internal cross-talk
(ii) external cross-talk and (iii) optically-induced afterpulsing. While the internal crosstalk and
afterpulsing involves photon transport within the SiPM, the external cross-talk photons escape
from the surface of one SPAD and potentially: (i) reflect back into the SiPM at the surface
coating interface and trigger avalanches in neighbouring SPADs, (ii) transmit through the SiPM
surface coating. Since some of the future multi-ton dark matter and neutrinoless double beta
decay experiments are choosing SiPMs as photosensors, the external crosstalk can be a significant
background due to each SiPM’s tendency to trigger a nearby one. This mechanism may cause
detector background and reduce the accuracy of photo-electron resolution for high photo-electron
events, leading to a degradation in the position and energy reconstruction.
To quantify the systematic effects which deteriorate the overall performance of such detectors, a
study on SiPM secondary photon emission was conducted. The SiPMs tested were 1 cm2 FBK
NUV HD-cryo. It determined the absolute secondary photon yield equal to the number of photons
emitted per charge carrier (𝛾/𝑒−) using spectroscopy. The photon yields were calculated at 163
K and 87 K to mimic the SiPM performance at liquid Xenon (LXe) and liquid Argon (LAr)
temperatures. A summary of the spectroscopy technique and data analysis used to quantify the
secondary photon yield at cryogenic temperatures is reported.
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1. Introduction

The secondary photon emission in silicon is summarised with a combination of three mecha-
nisms at play [2] : (i) indirect interband transitions, (ii) intraband Bremsstrahlung processes and (iii)
direct interband transitions [2–4]. Each of these mechanisms corresponds to specific wavelength
regions. Fig. 1 (right) encapsulates the above mechanisms corresponding to the spectral regions.

Figure 1: Left: The multimechanism model for silicon p-n junction diode describing different parts of
spectrum [3]. Right: The cross-sectional of the SiPM showing the primary event occurring and leading to
various isotropic emission of SiPM noises. The 𝑑𝑆𝑖𝑂2 and 𝑑 are the depths of the SiO2 coating on the SiPM
and the depth of the depletion region respectively.

Silicon Photomultipliers (SiPMs) are Solid-state semiconductor devices used as photo-
detectors in modern experiments and are based on the physics of reverse biased p-n junction
diodes. Fig. 1 (left) shows the cross-sectional view of the SiPM showing the various noises that
it generates isotropically. SiPM noises have been discussed in detail in many literatures [5–7].
External crosstalk is the secondary photon emission phenomenon where generated photons escape
the SiPM surface triggering the neighbouring SiPMs. This could degrade the energy resolution
and position reconstruction of keV-scale events resulting from inaccurate photo-electron resolution.
The future SiPM-based low-energy particle physics experiments will have to study and quantify the
effect of external crosstalk to determine the sensitivity of their experiments [8, 9].

2. Experimental Setup

A dedicated hardware setup was developed at TRIUMF Canada to study the SiPM photon
emission as a function of the applied over voltage and temperature. It consists of a vacuum cryostat
chamber mounted on top of an Olympus IX83 microscope. Inside the chamber, the SiPM with its
electronics is affixed to a translation stage, facing down towards the microscope with sub-micron
motorized position adjustment in the XY-plane as shown in Fig. 2 (left). The light emitted from
the SiPM is collected in Princeton Instruments (PI) PyLoN®400BR_eXcelon CCD camera which
is used with a Princeton Instruments HRS 300-MS Spectrometer.

Earlier studies performed with this setup were used to characterize photon emission as a result
of dark noise-driven avalanches at room temperature, at high over-voltages (> 8 𝑉𝑂𝑉 ), to acquire
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Figure 2: Left: Complete hardware setup with its cooling stage, XY stage position and cryogenic CCD
camera. Right: The optical system used for the SiPM photon emission spectroscopy. It contains the SiPM
+ its electronics on the XY motorized stage facing down, towards the microscope objective preceded by
a Sapphire window. Other elements such as a dichroic mirror, a long pass filter, a pulsed laser and the
spectrometer attached to the cryogenic CCD camera are also shown.

good statistics as shown in Ref. [10]. The laser injection system used for this study is shown in Fig. 2
(right), which allows SiPM to be operated at OVs nominal for future dark matter and neutrinoless
double decay experiments. It comprises of several components: (i) a Picoquant laser (405 nm) to
provide a picosecond pulsed illumination to the SiPM. (ii) LUCPLFLN20X microscope objective
optimized for transmission in the near-infrared wavelength range with a 20x magnification. (iii)
Edmund optics dichroic mirror with a cutoff wavelength of 550 nm. (iv) A dichroic mirror is
followed by an Edmund Optics 550 nm long pass filter.

The PI spectrometer is attached to the microscope via a C-mount adapter and it is equipped with
a 150 lines/mm blazed diffraction gratings with peak efficiency at 800 nm and optimal transmission
in the visible and near-infrared (NIR) wavelength range. Secondary photon emission in the UV
and vacuum ultraviolet (VUV) is in fact expected to be low, as shown in previously reported
measurements [11].

The pulsed laser illuminates a SPAD on the SiPM through the dichroic mirror and microscope.
The laser-stimulated photons from the SPAD pass through the microscope and long pass filter : (i)
to enter the spectrometer via a shutter and adjustable slit. It then undergoes diffraction to capture
the spectral components at infrared wavelengths. This is the spectroscopy mode of the system.
(ii) to enter a secondary camera for localising the laser spot onto the SPAD. Additionally, the PI
spectrometer grating was set to its 0th-order. This is the imaging mode of the system.

3. Experimental results

3.1 Spectral analysis

The spectroscopy mode of the TRIUMF setup was used to measure the spectral shape of the
secondary photon emission for the SiPM with the laser-focused on a SPAD. The 1 cm2 FBK NUV
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HD-Cryo SiPM was operated between 2-12 VoV for 87 K and 163 K. The SiPM pulse counting data
were recorded with a High Definition oscilloscope. Each recorded waveform was 10 μs long, with
5μs of pre-trigger. The emission spectra were instead recorded with the PI LightField® software.

The net normalization from raw ADC Units (ADU)s recorded by the PI camera, 𝑁SPAD
ADU (𝜆), to

the number of emitted photons (𝛾) observed per avalanche was obtained as follows [𝛾/av]

𝑁av(𝜆) =
𝑁SPAD

ADU (𝜆) 𝜂𝛾ADU
μav-exp

(
1

𝜖 (𝜆)

)
(1)

where: 𝜂
𝛾

ADU is the calibrated gain of the PI camera equal to 0.7 𝛾/ADU 1; 𝜖 (𝜆) is the TRIUMF
setup detection transmission efficiency, as shown in Fig. 6. μav-exp is instead the total number of
avalanches produced by the laser in each exposure of time Δ𝑡 = 500 s. This can be computed as
follows : μav-exp = 𝑃𝑎𝑣

𝑡𝑟𝑖𝑔
× 𝑓 ×Δ𝑡. with 𝑓 laser frequency equal to 125 kHz. 𝑃𝑎𝑣

𝑡𝑟𝑖𝑔
(𝑉) is instead the

probability of the selected SPAD firing. It can be measured by counting the number of laser flashes
in which no pulses were detected (𝑁0) as follows : 𝑃𝑎𝑣

𝑡𝑟𝑖𝑔
= 1 − 𝑁0/𝑁𝑡𝑜𝑡 .

Fig. 3 (left) shows that the observed photons per avalanche per nm increase with the over-
voltage: 𝑁∗

𝛾 (𝜆), for the SiPM tested.
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Figure 3: Left : Observed photon emission spectrum per avalanche per nm measured at different over-
voltages for 87 K as a function of the wavelength. The shaded bands show the measurement of systematic
uncertainty. Right : Simulated transmission (in blue) and observed photons per avalanche per nm (in red
points) as a function of wavelength used to match the oscillation peaks originating from the interference of
light with the SiO2 surface coating structure on the SiPM. The transmission curve was simulated assuming
the SiO2 thickness as 1.71 μm.

It is defined as [𝛾/(av × nm)] as: 𝑁∗
𝛾 (𝜆) = 𝑁av(𝜆)/Δ𝜆, where Δ𝜆 represents the wavelength

resolution, equal to 1.7 nm. The oscillations feature seen in the spectra comes from the interference
of light with the silicon dioxide (SiO2) thin-film coating on the surface of SiPM.

So far, the factor 𝑁av(𝜆) does not account for: (i) the finite numerical aperture (NA) of the
microscope objectives lenses, (ii) reflection and absorption losses due to the SiPM surface coating
and the depth to the location of the avalanche region. A correction factor 𝐴(𝜆) can be applied to

1The camera gain is the independent from the wavelength since it refers to the gain applied by the preamplifier inside
the camera after the exposure time has elapsed.
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Figure 4: Inferred source photon emission per avalanche per nm at different overvoltages for 87 K as a
function of the wavelength.

the data to obtain an estimation of the number of source photons per avalanche per nm produced in
the SiPM as follows : 𝑁𝑆

av(𝜆) = 𝑁av(𝜆)/𝐴(𝜆)
Unfortunately, the correction factor 𝐴(𝜆) cannot be precisely computed due to the unknown

geometry and material of the SiPM anti-reflective coating structure. A raw estimate can be computed
assuming a Silicon (Si) - SiO2 interface, anti-reflective coating layer at the top of the SiPMs, as
done in Ref. [13]. The estimation of the SiO2 layer thickness was done by trying to match the peaks
of the oscillations as shown in Fig. 3 (right). The simulation assumed the thickness of the SiO2

layer as 1.71 μm.
The Lumerical 3D simulation software [14] was then used to extrapolate the 𝐴(𝜆) factor and

to obtain the number of source photons per avalanche per nm, defined as:

𝑁𝑆∗
𝛾 (𝜆) =

𝑁𝑆
av(𝜆)
Δ𝜆

(2)
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Figure 5: Observed and inferred source photons per avalanche integrated over the emission spectrum at 87
K and 163 K.

Fig. 4 shows source photons per avalanche per nm with no oscillation pattern after applying
the source correction factor from Lumerical. Fig. 5 (left) shows the integrated observed photons
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per avalanche over range of wavelengths (560 nm - 1050 nm) and Fig. 5 (right) shows the source
photons per avalanche produced in the SiPM. The best estimate of the system’s photon acceptance
is found to be 0.4% due to the microscope’s numerical aperture, resulting in a loss of 99.6% of
source photons. This is because photons are produced isotropically at the emission source, but only
a fraction that falls within the numerical aperture of the microscope is observed.

4. Conclusion

A study on secondary photon emission was done to extrapolate the systematic effect that could
deteriorate the detector performance. The observed and source number of photons per avalanche
were quantified at optimal voltages following the operation of future LXe or LAr-based experiments.
There was no temperature dependence observed. The observed number of photons was found to
be only 0.4% of the source photons produced isotropically in the SiPM. The observed photons per
avalanche ranged from 0.05 - 0.2 and source photons per avalanche ranged from 15 - 65 for 2 - 12
VoV. The next steps for this study would include extrapolating the observed emission spectra in
different experimental media like LAr and LXe. This will precisely determine the amount of light
produced by one SiPM in a detector medium that can propagate to other SiPMs of the detector.
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A. Appendix

A.1 Intensity calibration

The intensity calibration of the entire setup is done by estimating a transmission intensity curve.
The modelled transmission intensity is the product of transmission efficiencies of each component
in the system whose values are provided by the manufacturers. Alternatively, a calibrated light
source is injected into the system to obtain the measured transmission intensity which is given by
: 𝜖 (𝜆) = 𝑁𝑐𝑎𝑙

𝜆
/𝑁 𝑡ℎ

𝜆
, where is the 𝑁𝑐𝑎𝑙

𝜆
is the measured light spectrum and 𝑁 𝑡ℎ

𝜆
is the theoretical

transmission spectrum by the manufacturer. The light source used was the tungsten -halogen light
source [12]. Fig. 6 (left) shows the modelled and measured transmission intensity curves. Fig. 6
(right) shows the calculated systematic uncertainty in the measurements. It is obtained from the
relative error between the two curves.

A.2 Cosmic ray background suppression

Fig.7 (left) shows the example of SiPM photon emission recorded in spectroscopy mode in PI
camera with traces of cosmic rays shown in grey. Fig.7 (right) instead shows the SPAD photon
emission after cosmic ray background suppression algorithm was applied.
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Figure 6: Left: Modelled transmission is obtained from the resultant product of all individual transmission
curves of optical components in the system. The measured transmission curve is obtained using a calibrated
tungsten-halogen light source. Right: The systematic uncertainty on the measurements.

Figure 7: Left: Spectroscopy image of the SiPM captured with prominent cosmic interactions. The
SPAD light emission is completely suppressed. Right: Spectroscopy image with cosmic ray background
suppression implemented. The SPAD light emission is clearly visible.
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