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Abstract

In this study, we present a comparative analysis of the Single Photon Time
Resolution (SPTR) of various Silicon Photomultipliers (SiPMs), including multi-
channel SiPM arrays from Hamamatsu and FBK, as well as single-channel SiPMs.
Using a breakdown of the measured full width at half maximum (FWHM) into
contributions from jitter, trigger, laser, and other intrinsic factors, we characterise
and contrast the performance across different SiPMs. The analysis demonstrates
that FBK SiPMs, particularly the FBKW342004_ pLens, show superior SPTR per-
formance due to features like microlens focusing that minimise intrinsic timing
spread. Hamamatsu SiPMs show consistent and competitive performance, while
single-channel SiPMs exhibit larger FWHM values, partly due to their suscepti-
bility to thermal noise and weaker signal-to-noise ratios. These findings provide a
basis for further refinement in SiPM design and usage, especially in time-critical
photon detection applications.

1 Introduction

Silicon Photomultipliers (SiPMs) play a vital role in modern High Energy Physics (HEP)
experiments due to their high single-photon detection efficiency, excellent timing perfor-
mance, compact size, and robustness against radiation damage. Among these character-
istics, the timing resolution is particularly critical, as it directly impacts time-of-flight
(TOF) measurements. TOF information is essential for reconstructing particle momen-
tum and, consequently, for particle identification.

In this context, our objective is to measure the Single Photon Time Resolution (SPTR)
of a SiPM, which represents its timing precision when detecting only one photon — the
scenario that yields the poorest timing resolution. As the number of detected photons
increases, the timing resolution improves due to better signal statistics.

By accurately determining the worst-case SPTR, we can better evaluate and compare
the performance of different SIPM models, enabling informed choices for specific detector
applications where precise timing is required.

1.1 What is an SiPM?

A Silicon Photomultiplier (SiPM) is a solid-state photodetector composed of an array of
microcells, each of which is a Single-Photon Avalanche Diode (SPAD), as illustrated in
Fig.1. Each SPAD operates under a bias above its breakdown voltage. This mode of
operation is known as Geiger mode, as shown in Fig.2.



Trench

Figure 1: [1] SiPMs are composed of arrays of SPAD (Single-Photon Avalanche Diode)
microcells. Each microcell includes a quenching resistor, a bias line, and a p*t window
on an n silicon substrate. Trenches between cells provide optical isolation to minimise
crosstalk.
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Figure 2: [2] Current-voltage characteristic of a SPAD microcell. In Geiger mode, the
SPAD is operated with a reverse bias exceeding its breakdown voltage, enabling avalanche
multiplication upon the detection of a single photon.

When operating below breakdown voltage (i.e., in linear APD mode), only electrons,
being less massive and more mobile than holes, typically contribute significantly to impact
ionisation as they drift toward the cathode. However, in Geiger mode, once the reverse



bias is set above the breakdown voltage, holes drifting toward the anode also gain enough
energy to produce secondary electron-hole pairs. This mutual ionisation leads to a self-
sustaining avalanche current.

Because this avalanche process does not stop on its own once triggered, each SPAD
includes a quenching resistor. This resistor momentarily limits the current and reduces the
bias voltage below breakdown, thereby halting the avalanche and allowing the microcell
to reset and be ready for the next detection.

When photons strike different SPAD microcells, they independently trigger avalanches.
The output signal of the SiPM is the analog sum of the currents from all fired microcells,
making the total output roughly proportional to the number of detected photons. How-
ever, when the incident light intensity is high, a significant fraction of the SPADs may fire
simultaneously, leading to saturation — a non-linear response where the SiPM no longer
reliably reflects the true light intensity.

1.2 Single Photon Time Resolution

The Single Photon Time Resolution (SPTR) characterises the temporal spread of the
SiPM’s response to single-photon events. It reflects the device’s ability to reconstruct
the photon’s time-of-arrival, which is crucial in applications such as track and vertex
reconstruction in high-energy physics detectors.

Several physical and instrumental factors contribute to the SPTR of a SiPM. The five
primary sources of timing uncertainty are detailed below:

1. Intrinsic spread: due to non-uniformities in the electric field within each SPAD
microcell, the timing response varies depending on where within the cell the photon is
absorbed. The electric field is strongest near the centre of the microcell, where carriers
are more rapidly accelerated, resulting in a faster response. This spatial variation leads
to a spread in detection times. This effect can be partially mitigated by using microlens
arrays to focus incoming photons toward the centre of each microcell, thus minimising the
response variation. Other effects, such as differences in the structure of individual SPADs
due to manufacturing processes, can also contribute to the intrinsic spread.

2. Transit time skew: because the signal readout path is not equally distant from
all microcells, avalanches initiated in SPADs physically closer to the output line arrive
slightly earlier than those farther away. This introduces a systematic spatial bias in the
timing. This effect can be studied experimentally by selectively masking parts of the SIPM
and comparing the response timing of microcells at varying distances from the readout
path.

3. Trigger time spread: the laser used in the experiment emits a synchronisation
signal (trigger) that marks the nominal photon emission time. The timing of the SiPM
signal is measured relative to this trigger. However, in our setup, the trigger itself has an
associated uncertainty of less than 20 ps, though the exact value was not independently
measured in this study.



4. Laser statistics: In addition to trigger uncertainty, the laser pulse itself exhibits
temporal spread with respect to the trigger signal. For the laser model and power level
used in this experiment, the timing spread is approximately 56 ps. This intrinsic property
of the laser contributes directly to the overall SPTR.

5. Jitter error: Random noise in the electronics chain also introduces timing uncer-
tainty, often referred to as jitter. This effect becomes more pronounced when the signal
amplitude is small, as the timing becomes more sensitive to fluctuations. This effect can
be visualised in Fig. 3. The contribution of jitter can be quantitatively estimated using
the standard deviation of the baseline noise and the slope of the leading edge of the signal
waveform, as laster described in Sec. 2.2.3.
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Figure 3: Illustration of jitter-induced timing error. Random fluctuations in the signal
waveform cause deviations in the threshold crossing point, leading to uncertainty in the
measured time.

1.3 SiPM Parameters

SiPMs produced by different manufacturers can exhibit varying characteristics. Several
key parameters influence their Single Photon Time Resolution (SPTR) performance:

1. Pixel size: smaller pixels result in reduced p—n junction capacitance, enabling
faster signal rise times. Although smaller pixels typically have lower Photon Detection
Efficiency (PDE), this mainly affects photon detection statistics and is therefore not a
limiting factor in SPTR-focused measurements.



2. Number of microcells: while this does not directly influence SPTR, a larger
number of microcells means some are located further from the readout circuitry, poten-
tially increasing the contribution of transit time skew.

3. Overvoltage (OV): defined as the reverse bias voltage exceeding the breakdown
voltage. A higher overvoltage increases the electric field strength within the SPADs, pro-
moting faster avalanche initiation and steeper signal rise, thus improving SPTR. However,
excessive OV also raises the dark count rate due to increased thermal generation, which
can degrade timing resolution through enhanced jitter.

4. Quenching resistor design: the parameters and design of the quenching resistor
influence the recovery time of each microcell and the overall shape of the output signal.
Both factors impact SPTR, especially under high-rate conditions.

5. Temperature: lower operating temperatures reduce thermal noise, which can
lead to modest improvements in SPTR by suppressing noise-induced jitter. Additionally,
as the gain of a SiPM is temperature-dependent, maintaining a controlled temperature
helps stabilise the gain and can also contribute to jitter error reduction.

2 Methodology

The main objectives of this project are divided into three key tasks:
1. Collect waveform data from various SiPMs operated at different overvoltages (OV);

2. Identify single-photon events within the data, ideally selecting clean events that are
not superimposed on thermal noise residuals;

3. Analyse the timing distribution at which the voltage of single-photon events crosses
a defined threshold.

The procedures used to accomplish each of these tasks are detailed in the following sub-
sections.

2.1 Experimental Setup

An illustration of the experimental setup is shown in Fig. 4. A laser source and bias power
supply are directed into a shielded box, which protects against external electromagnetic
noise and light. Inside the box, the SiPM under test is placed. The SiPM signals are
routed through a readout board and amplified by a 40 dB amplifier before being digitised
by an oscilloscope. The acquired data are then transmitted to and stored on a computer
for subsequent analysis.

Prior to data acquisition, the breakdown voltage of each SiPM channel is determined
by linear extrapolation of the signal amplitude as a function of bias voltage, measured by
varying the bias around the nominal breakdown voltage.



In most measurements, the SiPM overvoltage (OV) is scanned from 2 to 9V in 0.5V
increments. For some SiPM models capable of withstanding higher bias, the OV range is
extended up to 12'V.

Bias power

Amplifier (40dB)

Faraday box | aser driver Laser head Laser Bias Readout board

Figure 4: Left: the experimental setup consists of a computer, oscilloscope, Faraday box,
laser driver with laser head, and bias power supply. Right: inside the Faraday box, the
SiPM under test is connected to a readout board and a 40 dB amplifier. During data
collection, laser pulses are triggered and directed onto the SiPM, while the SiPM signals
are amplified, digitised by the oscilloscope, and transmitted to the computer for storage
and further analysis.

The readout board acquires signals from only one SiPM channel at a time, ensuring
that no current flows in adjacent channels and thereby preventing crosstalk effects.

It is worth noting that photon reflections inside the Faraday box can introduce addi-
tional systematic errors in the time resolution measurements. This effect is investigated
in Appendix A. To mitigate this issue, a black foam tube is used to absorbs the photons
not propagating directly towards the SiPM.

2.2 Analysis Method
2.2.1 Separation of Events

Single-photon events need to be separated from background noise and multiple-photon
events. To achieve this, a time window is applied to the waveforms within which the max-
imum amplitude of each event is extracted, as illustrated in Fig. ba, with FBKW942087
channel 69 at 2.0 OV as an example.

The maximum amplitudes of events within this time window are then compiled into
a histogram, shown in Fig. 5b. The distinct peaks in the histogram correspond to back-
ground, single-photon, and multiple-photon events, enabling their clear categorisation.
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Figure 5: (a) For this specific case, the time window for extracting the maximum ampli-
tude is chosen between 24.02 and 25.02ns. Selecting this interval prevents random fluc-
tuations outside the signal region from affecting the event selection. (b) The histogram of
maximum amplitudes exhibits distinct peaks. Events with maximum amplitudes in the
range 0.069 to 0.143 V are identified as single-photon events.
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Figure 6: Classification of event types based on the maximum amplitude within the
time window shown in Fig. ba. Events are labeled as Background (noise or no photon
detection), Single Photon (events corresponding to a single photon detection), or Multiple
Photons (events with multiple simultaneous photon detections).



Based on the amplitude histogram, different types of events can be classified accord-
ing to different peaks, as illustrated in Fig. 6. These categories include background noise,
single-photon events, and multiple-photon events. For the purposes of this study, the
analysis will be exclusively focused on the Single Photon events, as they provide the
fundamental limit on the SiPM’s timing resolution. The baseline is obtained by averag-
ing the amplitudes of background events, and is then subtracted from the single-photon
waveforms to isolate the intrinsic SiPM response to single photons.

2.2.2 Fitting of Time Distribution

Before constructing the histogram for the time distribution, it is important to consider
the bin width limitation imposed by the oscilloscope’s sampling characteristics. Since the
sampling times are uniformly distributed within each sampling interval, the bin size must
be chosen carefully to ensure that the resulting timing distribution can be meaningfully
interpreted and fitted.

For a uniform distribution over the interval (a,b), the standard deviation is given by

3]:

o= W (1)

In our setup, the oscilloscope has a sampling interval of 50 ps, which corresponds to a
uniform distribution with a standard deviation of approximately 14.43 ps.
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Figure 7: Time distribution of Single Photon events reaching 50% of their maximum
amplitudes. The bin size of 17.65 ps ensures meaningful physical interpretation.



Taking this into account, the time distribution of the single-photon events can be
constructed, as shown in Fig. 7. The time values are recorded by linearly interpolat-
ing between the two points closest to a specified fraction (threshold) of the maximum
amplitudes of individual waveforms.

To more accurately extract the full width at half maximum (FWHM) of the distri-
bution, the fitting model of Ezponentially Modified Gaussian (EMG) is applied, with the
function:

flxp,o0 ) = A exp A (QM + Ao? — 23:)} erfc ( (2)

-+ o? —x
2 2 ’

V20

where the complementary error function is defined as

exfo(z) = 1 — erf(z) — % / Tt ar (3)

This distribution resembles a Gaussian (bell) curve but exhibits a longer tail on the
positive side, as illustrated in Fig. 8.
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Figure 8: [4] Exponentially Modified Gaussian (EMG) distributions illustrating the ef-
fects of varying the parameters p, A, and o, which correspond to the peak position, the
exponential decay rate (affecting the tail length), and the peak width, respectively.
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The fitting of the time distribution is hence performed using the EMG model, as
illustrated in Fig. 9. From this fit, a rather accurate approximation of the FWHM is
extracted, which serves as a key metric for the SPTR measurement.

Time distribution at 50% of maximum (ch69, 2.00 V)

1400 1 Histogram

EMG Fit
—— A=1.56e-07, u=2.41e-08, 0=3.07e-11, A=2.08e+10
Reduced x% 5.50
-~ v_fit_half at 673.0
t_left at 24127.29 ps
t_right at 24228.11 ps
FWHM: 100.83 +/- 4.77 ps
Reduced x%: 5.50

-
N
o
S)

17.65 ps)

1000 -

800

600 A

400 A

Frequency (8979 events, bin size

200 A

2.210 2.111 2.‘42 2.‘43 2.214 2.;15 2.‘46
Time (s) le-8

Figure 9: By fitting the EMG model, the FWHM of the time distribution can be estimated,
along with its associated uncertainty. In this case, the fitted FWHM is 100.83 + 4.77 ps,
with a reduced chi-squared value of 5.5, indicating that the EMG is appropriate for
describing the distribution.

This fitting procedure is repeated for various threshold levels, resulting in a distribu-
tion of FWHM values as a function of the chosen threshold, as shown in Fig. 10. The
errors on the FWHM values are derived solely from the statistical uncertainties provided
by the scipy.curve_fit fitting routine. Therefore, these error estimates may not fully
account for other potential systematic uncertainties present in the measurement or data
processing, which could affect the overall accuracy of the results.

For FBKW942087 channel 69, the process is repeated for different overvoltages (OV),
therefore the distribution shown in Fig. 11 can be constructed. It is observed that at low
OV values, the FWHM decreases as the OV increases. This improvement saturates around
8.0V, beyond which further increases in OV do not significantly reduce the FWHM.
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FWHM vs Threshold (ch69)
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Figure 10: The fitting procedure is repeated for different threshold values at the chosen
thresholds. By averaging the three data points corresponding to the lowest FWHM values,
a characteristic FWHM can be obtained for this specific overvoltage (OV), as well as the
threshold at which this minimum FWHM occurs.
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Figure 11: Correlation between the minimal FWHM and overvoltage (OV) for this chan-
nel. The FWHM decreases with increasing OV up to a minimum at approximately 8.0V,
beyond which saturation occurs and no further improvement is observed.
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This process is repeated for multiple channels, and their average value is calculated
to obtain the SPTR of the SiPM array. An example of such an averaged result is shown
in Fig. 12 for the FBKW942087 SiPM.
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Figure 12: Average measured FWHM from five different channels of the FBKW942087
SiPM. All channels exhibit similar behaviour, showing a common saturation in FWHM
improvement beyond an overvoltage of 8.0 V.

2.2.3 FWHM Contributions Analysis

The contribution of jitter error to the FWHM of the time distribution can be estimated
using the following expression:

FWHMjitter — 93458 X O'background. ’ (4)
average gradient

where the coefficient 2.3458 corresponds to the relationship between the standard devia-
tion and FWHM of a Gaussian distribution, which is assumed to describe the background
noise.

For the case shown in Fig. 10, the distribution of FWHM;ister is presented in Fig. 13.
Using the previously averaged threshold value at which the minimal FWHM occurs, the
corresponding FWHM;jie; can be interpolated accordingly.
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FWHM_jitter vs Threshold (ch69)
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Figure 13: Jitter error is inversely proportional to the signal gradient, therefore reaches
a minimum near the 50% threshold, where the signal slope is typically the steepest, as
expected.
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Figure 14: Average FWHMjiye, for FBKW942087 across different channels. Note that
channels 21 and 37 exhibit higher jitter errors compared to the other three channels,
which may be attributed to them belonging to different SiPM dies of the SiPM.
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Similarly to the previous analysis, the average of the FWHM;jier can be calculated
across multiple channels for the FBKW942087 SiPM. This averaged jitter contribution is
presented in Fig. 14, providing insight into the typical impact of electronic noise on the
timing resolution for this device.

The noticeably higher jitter error observed in channels 21 and 37 may be attributed to
them belonging to different SiPM dies of the SiPM compared to the other channels. This
variation in jitter could arise from subtle non-uniformities in the fabrication process, such
as variations in the microcell geometry, differences in quenching resistor parameters, or
slight inhomogeneities in the doping concentration and therefore electric field distribution
across the microcells. To fully understand these effects and their impact on jitter error,
more detailed investigations, including comparison across multiple SiPM samples, are
necessary.

To separate the different contributions discussed in Sec. 1.2, the following relation is
used:

FWHM?

meas

= FWHMZ,,,, + FWHM?2, _ +FWHM;_ + FWHM? (5)

jitter trigger laser others »
where FWHM e Tepresents a combined contribution of the intrinsic spread and transit
time skew, which cannot be individually resolved with our current experimental setup.
Among these contributions, the laser timing uncertainty is well characterised and
average at FWHM),s.; = 56 ps for all OV values, allowing straightforward subtraction.
The trigger timing uncertainty, FWHMigger, is reported to be less than 20 ps, hence is
treated as an asymmetric error affecting the lower bound of the measured FWHM.
After accounting for the jitter, trigger, and laser contributions, the average FWHM pers
component can be extracted for FBKW942087, shown in Fig. 15.
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Figure 15: Average FWHMipers for FBKW942087 across different channels. At higher
Over Voltages, channels 21 and 37 exhibit lower FWHM e values.
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Overall, the channels show good agreement, indicating consistent intrinsic and transit
time skew contributions. However, at higher Over Voltages, channels 21 and 37 exhibit
noticeably lower FWHMhers values, which correlates with their increased FWHMjjgier
observed previously.

2.2.4 Background Filtering

For some SiPMs, such as the one illustrated in Fig. 16, a single readout channel is
connected to a significantly larger number of SPAD cells compared to the configurations
discussed earlier. This design choice typically aims to increase the overall photon detection
area and improve the dynamic range, enabling the detection of higher light intensities, but
may also introduce additional complexities such as increased capacitance and potential
variations in timing performance across the combined microcells.

Figure 16: (a) A photo of the S14160__3 SiPM. This device is significantly larger than the
Hamamatsu and FBK SiPMs, featuring only a single readout channel despite its increased
active area. (b) The SiPM is mounted onto a compact readout board designed to facilitate
signal acquisition and integration with the measurement setup.

It is observed that for this type of SiPM, the signal amplitude is comparable to the
background noise level. This situation is illustrated in Fig. 17. The distinction between
background, single photon, and multiple photon events is much less clear compared to the
well-separated peaks observed in Fig. 5b for FBKW942087. This underlines a substantial
overlap in the amplitude distributions of different event categories, making it difficult to
distinguish single-photon events based on histogram peak separation.
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Figure 17: (a) Histogram of maximum voltages for the single-channel SiPM before filter-
ing. While peaks corresponding to different photon events are visible, they appear contin-
uous and poorly separated, making event classification difficult. (b) Example waveforms
from the single-channel SiPM. The signal pulses are closely packed, with the amplitude of
random noise being comparable to that of single photon signals, complicating clear event
identification.

Scatter plot of 5 events (chl)

0.06 1- e Unseparated

0.05 A
0.04 -
0.03 A

0.02 A

Voltage (V)

0.01 -

0.00 A

—0.01 1

Time (s) le-7

Figure 18: Example waveform of the single channel SiPM after enlarging the data ac-
quisition time window. It is evident that some signals are superimposed on the residual
thermal noise baseline, which has not fully recovered prior to the signal onset.
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This effect is considered to be a consequence of some signal pulses being superimposed
on the residual thermal noise. By enlarging the time window for waveform acquisition, as
illustrated in Fig. 18, it becomes evident that portions of the noise baseline have not fully
recovered before the signal is triggered, which contributes to the difficulty in distinguishing
single photon events.

To mitigate the influence of residual thermal noise on signal characterisation, a voltage
filtering method is introduced. This involves analysing a portion of the waveform that
precedes the signal onset (specifically, the left region of Fig. 18) to assess the baseline
behaviour. A histogram of the maximum voltage within this pre-signal region is con-
structed, as shown in Fig. 19a. The first distinct peak in this distribution is taken to
represent uncontaminated baseline noise.

Using this subset of "clean” waveforms, the histogram of maximum signal voltages
within the target signal window is therefore constructed. The resulting distribution,
shown in Fig. 19b, demonstrates noticeably improved peak separation compared to the
unfiltered case in Fig. 17a, allowing for more reliable identification of single photon and
multi-photon events.
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Figure 19: (a) Histogram of the maximum voltage in the pre-signal region of each wave-
form. Only the events clustered around the first peak is selected, which we interpret
as "clean” events unaffected by residual thermal noise. (b) Histogram of the maximum
voltages within the defined time window, reconstructed using only the clean events. Com-
pared to the unfiltered case in Fig. 17a, the spectral peaks are now more clearly separated,
enabling more reliable photon event classification.
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Using the filtered dataset, classification the events can again be performed based
on their maximum amplitudes, similar to the method applied previously. The resulting
waveforms for the selected Single Photon events are shown in Fig. 20. In this case, the
influence of thermal noise is significantly reduced. Specifically, we no longer observe any

residual fluctuations in the region preceding the signal onset. The following analysis is
then performed as previously described in Sec. 2.2.2 and Sec. 2.2.3.
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Figure 20: Separated filtered waveforms. In this case, no residual thermal noise is observed

in the region before the signal onset, indicating successful removal of contaminated events
through the voltage filtering process.

3 Results & Discussion

3.1 Hamamatsu SiPMs: H202450038 and H202442058

The collective results for two Hamamatsu SiPMs: H202450038 and H202442058, are sum-
marised in Fig. 21. Although these two devices differ slightly in pixel size — H202450038

has a pixel size of 50 x 50 pm?, while H202442058 uses 42 x 42 pm? — their Single Photon
Time Resolution (SPTR) performance is remarkably similar.
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Figure 21: Average results across different channels of H202450038 and H202442058.
Despite having different pixel sizes, the two Hamamatsu SiPMs exhibit very similar SPTR
performance across all evaluated metrics.

20



Each subplot in the figure represents one key metric evaluated as a function of over-

voltage (OV):

(a) FWHM eas: The measured Full Width at Half Maximum (FWHM,,e.s) values
for both SiPMs are closely aligned across the OV range, indicating comparable overall
timing performance.

(b) Background o: H202450038 exhibits a slightly higher standard deviation in the
background signal. This could be due to differences in device layout, noise characteristics,
or coupling with readout electronics.

(c) Signal Gradient: Interestingly, H202450038 also shows a consistently higher
average signal gradient. This compensates for the higher noise in the jitter calculation.

(d) FWHDMjjigter: Since jitter is calculated as the ratio of background noise to signal
gradient, the increased noise and steeper gradient in H202450038 cancel out, resulting in
similar jitter contributions for both devices.

(e) FWHM,y6 jitter & (f) FWHMthers: As a consequence of the comparable trends
in both measured FWHM and jitter error, the jitter-corrected FWHM (i.e., FWHM,, jitter)
and the extracted FWHMpers also display similar behaviour. This consistency confirms
that the two SiPMs share broadly similar intrinsic and systematic timing characteristics.

These results validate the reproducibility and reliability of Hamamatsu’s SPTR per-
formance across devices with minor pixel geometry variations.

3.2 FBK SiPMs: FBK942087 and FBK342004_ nLens

The comparative results for FBK942087 and FBK342004_ pLens are shown in Fig. 22.
The latter includes a microlens array designed to focus incoming photons more effectively
onto the centres of the microcells, which helps reduce intrinsic timing spread.

21



FWHM_meas vs Over Voltage

Background std vs Over Voltage
100 fEKWS42087 1o FBKW942087 1,
o
FBKW342004_uLens 10 0.040 FBKW342004_uLens 10
0.035
95
0.030
B
= S 0.025
s 3
z EY M
= 3 0.020
LL >
ki
]
8
@ 0,015
85
\/\/ 0.010
TN /\/ 0.005
80 \—//
0.000
2.0 2.5 3.0 3.5 4.0 45 50 55 6.0 65 7.0 75 80 85 9.0 9.5 10.010.511.011.512.0 20 25 30 35 40 45 50 55 60 65 7.0 7.5 80 85 9.0 95 10.010.511.011.512.0
Over Voltage (V) Over Voltage (V)
FWHM_jitter vs Over Voltage
1e9 Gradient vs Over Voltage
FBKW942087 10
FBKW942087 10 FBKW342004_uLens 10
2.25 FBKW342004_uLens 1o
40
2.00
s175
s 30
I =
= 1.50 2
z &
£ =
£ I
%125 z
= 20
g
8 100
]
075
10 \.1\/\/
0.50
025
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 10.0105 1.0 11.5 12.0 2.0 2.5 3.0 35 4.0 45 50 55 60 65 7.0 75 8.0 85 9.0 9.5 10.010.511.011.512.0
Over Voltage (V) Over Voltage (V)
FWHM_no_jitter vs Over Voltage FWHM_others vs Over Voltage
100 FBKW942087 10 FBKW942087 10
FBKW342004_uLens 10 . FBKW342004_uLens 10
95 75
70
g g
s =
: Zes
85
” \/\/
) \/\//AM ss /\
50

2.0 2.5 3.0 35 40 45 50 55 6.0 65 7.0 7.5 80 85 9.0 9.5 10.010.511.011.512.0
Over Voltage (V)

(e)

20 25 3.0 35 40 45 50 55 6.0 65 7.0 75 80 85 9.0 95 10.010.511.011.512.0
Over Voltage (V)

(f)

Figure 22: Average results across different channels of FBK942087 and
FBK342004 pLens. While both devices reach FWHM,,.,s saturation beyond 7V,
FBK342004 nLens consistently performs better by about 5 ps across the OV range. The
microlens design contributes to reduced intrinsic timing error and improved SPTR.
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Each subplot corresponds to one measured quantity:

(a) FWHM,,,eas: Both SiPMs exhibit saturation in FWHM,,,c.s after approximately
7V OV. However, FBK342004_ pLens consistently outperforms FBK942087 across the
entire OV range by about 5ps. Additionally, FBK942087 shows a rise in FWHM ,cas
beyond 9.5V.

(b) Background o: The background standard deviation is initially similar for both
devices, but FBK942087 shows a sharp increase after 9.5V, eventually exceeding that of
FBK342004_nLens.

(c) Signal gradient: The signal gradients for both SiPMs are similar throughout
the OV range, indicating comparable signal rise characteristics.

(d) FWHMjitter: Due to the elevated background noise, FBK942087 shows a notice-
able increase in FWHDMie, after 9.5V, surpassing that of FBK342004 pLens.

(e) FWHM,,, jitter & (f) FWHMthers: After correcting for jitter contributions,
both SiPMs exhibit flat saturation behaviour. FBK342004 plLens maintains a 5 ps ad-
vantage, attributable to its microlens array, which reduces intrinsic error by improving
photon focus onto the centers of the microcells.

The FBK SiPM with microlens is designed to focus incoming photons towards the
centers of the microcells. This is beneficial because the electric field strength is highest
in these central regions, which facilitates faster triggering of the avalanche process. As a
result, this design helps reduce the intrinsic timing jitter and improves the overall single
photon timing resolution (SPTR).

3.3 Single Channel SiPMs: S13360__2, S14160__3 and S13360__6

Notice that the labelled numbers for these SiPMs are only indicative, as we observed that
the actual device parameters do not perfectly match the names on their corresponding
base mounts. Among these three devices, only the S13360_6 is treated with the filtering
technique described previously in Sec. 2.2.4.
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Figure 23: Average results across different channels for single channel SiPMs S13360 2,
S14160_3, and S13360_6 (filtered). The labelled device numbers are indicative only.
Among them, only S13360 6 is treated with the filtering technique to reduce thermal

noise effects.
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Each subplot corresponds to one measured quantity:

(a) FWHM,cas: The overall FWHM, 0,5 for the three SiPMs follows the order
S13360_6_filtered > S14160_ 3 > S13360 2. The S13360 2 reaches saturation early
around 5.0 V of overvoltage (OV), whereas the other two do not show a clear saturation
even towards the maximum tested OV of 9.0 V.

(b) Background o: The background standard deviation for S13360_6_ filtered be-
haves similarly to that of S14160 3. In contrast, S13360_ 2 exhibits a much faster increase
in background noise with OV.

(c) Signal gradient: Similar to the background noise trend, the gradient for S13360_ 2
increases more rapidly, while S13360_6_ filtered and S14160_3 show comparable be-
haviours.

(d) FWHDMjigter: Being the ratio of background standard deviation to the gradient,
the jitter contribution shows similar trends for all three SiPMs. However, S13360 2
consistently exhibits larger errors compared to the other two devices.

(e) FWHM,y, jitter and (f) FWHM__pure: After removing the jitter contribution,
both these quantities steadily decrease with increasing OV for all three SiPMs, without
obvious saturation. Nonetheless, the ranking remains the same: S13360 6_ filtered has
the highest values, followed by S14160 3, and then S13360 2 with the lowest.

Across the measured parameters, S13360_ 2 generally shows the best timing perfor-
mance and earlier saturation in FWHM,,..s, while S13360_6_ filtered has the highest
FWHM values. Background noise and gradient trends mirror each other, leading to sim-
ilar jitter contributions, though S13360 2 exhibits larger errors. After accounting for
jitter, all devices show improvement without clear saturation, maintaining the relative
performance order.

3.4 Comparison Across All SiPM Types

A comparative overview of the timing performances across the different SiPM groups —
FBK, Hamamatsu, and Single Channel SiPMs — is presented in Fig. 24.
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Figure 24: Comparison of timing performance metrics across FBK, Hamamatsu, and
Single Channel SiPMs. FBK devices generally exhibit superior timing resolution
(FWHMpeas), highest gradients, and lower jitter errors compared to Hamamatsu and
Single Channel SiPMs.
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(a) FWHM eas: Overall, the FBK SiPMs demonstrate the best timing resolution,
followed by the Hamamatsu devices, with the Single Channel SiPMs exhibiting the largest
FWHM values. This ranking is consistent across the range of overvoltages (OV) tested.

(b) Background o: While most channels show similar trends in background noise,
the S13360_ 2 Single Channel SiPM consistently exhibits a higher background standard
deviation across the entire OV range. Additionally, the FBKW942087 SiPM shows a
pronounced rise in background noise beyond approximately 9.5 V OV.

(c) Signal gradient: The FBK SiPMs maintain the highest signal gradient values,
followed by Hamamatsu, with the Single Channel SiPMs showing the lowest gradients.
This hierarchy aligns with their overall timing performances.

(d) FWHDMjitter: As expected from the background and gradient behaviours, the
Single Channel SiPMs generally suffer from larger jitter contributions. In contrast, Hama-
matsu and FBK devices have comparable and significantly lower jitter errors.

(e) FWHM,, jitter and (f) FWHMhers: After correcting for jitter contributions,
FBK SiPMs still lead in timing performance, followed by Hamamatsu, and then Single
Channel devices. Interestingly, the S13360 2 device shows a decreasing trend in FWHM
values after about 5.5 V OV, eventually outperforming Hamamatsu in this jitter-corrected
metric.

Despite being the least advantageous in SPTR, certain Single Channel SiPMs can ap-
proach or surpass Hamamatsu performance after accounting for jitter effects, underscoring
the importance of detailed noise analysis in evaluating device characteristics.

At 5.0 V overvoltage, a table presenting numerical values for the measured tim-
ing resolution (FWHM,yeas), jitter contribution (FWHMjie), and other contributions
(FWHMthers) across the tested SiPM models is shown as Tab. 1.

SiPM FWHM 005 at 5.0V FWHMjjer at 5.0V FWHMpers at 5.0V
S13360_6_filtered 319.89 & 7.21 ps 87.95 + 0.53 ps 302.43773 ps
S14160_3 231.35 + 2.01 ps 77.18 £1.92 ps 210.79733% ps
S13360_ 2 156.94 + 0.85 ps 62.48 & 1.31 ps 132.6271°95 ps
H202450038 140.05 £ 0.90 ps 17.52 4+ 2.64 ps 127.20M9°7% ps
H202442058 137.82 £ 1.53 ps 10.49 £ 1.18 ps 124.83719% ps
FBKW942087 89.19 4 1.18 ps 5.45 +0.29 ps 69.1775995 ps
FBKW342004 pLens  80.74 + 0.53 ps 9.19 + 0.18 ps 57.5110-3% ps

Table 1: Numerical values of FWHM neas, FWHMjiter, and FWHMgipers at 5.0 V over-
voltage for various SiPMs tested, arranged in descending order of SPTR performance.
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Hamamatsu SiPMs perform better than Single Channel devices but do not reach
the superior timing precision of FBK SiPMs. Among all, the FBKW342004 with mi-
crolens stands out as the best-performing sensor, achieving the lowest FWHMmeas and
FWHM,tners, with relatively low jitter contributions. This superior performance can be
attributed to its optimised microcell design and the presence of the microlens, which
enhances photon detection efficiency and timing accuracy. The observed ordering and
performance trends at 5 V OV are consistent with those at other tested overvoltages,
confirming the robustness of these results.

4 Conclusion

In this work, a systematic analysis of the SPTR characteristics is performed for several
SiPM devices, including Hamamatsu, FBK, and single-channel models. By decomposing
the overall measured timing resolution into contributions from jitter, trigger timing, laser
pulse width, and other intrinsic effects, we were able to gain detailed insight into the
factors influencing SPTR performance. Our analysis confirmed that FBK SiPMs, partic-
ularly the FBKW342004_pLens, outperformed the others due to improved focusing from
microlens arrays. Hamamatsu SiPMs showed stable and close-to-optimal SPTR, whereas
single-channel SiPMs generally demonstrated inferior timing performance, especially un-
der thermal noise contamination. The introduction of a filtering technique improved the
clarity of signal separation in single-channel SiPMs and allowed more accurate extraction
of timing metrics.

To further develop our understanding of SPTR in SiPMs, we propose the following
future directions:

1. Better Identification of Single-Channel SiPMs: The actual model types and
parameters of single-channel SiPMs tested were not clearly labeled, leading to uncer-
tainty in performance analysis. Future studies should ensure accurate identification
to allow more meaningful comparisons.

2. Temperature Dependence: The impact of temperature on SPTR has not been
explored in this work. Conducting measurements at lower temperatures may reveal
dependencies that can be leveraged for performance optimisation.

3. Threshold-Dependent FWHM Behaviour: We observed that the minimum
FWHM does not consistently align with the 50% threshold point, where the signal
gradient is maximal. The mechanisms behind this deviation merit further investi-
gation.

4. Physical Interpretation of EMG Fit: Although the EMG (Exponentially Mod-
ified Gaussian) model has been used to describe the time distribution, its physical
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basis in relation to photon detection and avalanche formation in SiPMs requires
deeper study.

5. Spatial Contribution to Transit Time Skew: Future work could involve se-
lectively masking portions of the SiPM active area to assess how spatial photon
absorption affects transit time and contributes to intrinsic timing resolution limits.

These directions aim to deepen the understanding of SPTR in SiPMs and facilitate the
development of more accurate and efficient photon timing technologies.
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A Effect of Photon Reflection

We also examined the effect of internal photon reflection by removing the light-absorbing
foam from the Faraday box. This led to the emergence of a secondary peak in the time
distribution, which is attributed to delayed photon paths from internal reflections. This
artifact complicates the fitting with a standard EMG model and illustrates the importance
of careful optical isolation in high-precision timing measurements.

For FBKW942087 channel 101, data is taken with or without foam and the measured
timing resolution, FWHM,,c.s, is compared. This allows us to analyse the effect of pho-
ton reflection within the Faraday box on the time resolution. The comparison of the
FWHM,,eas results is presented in Fig. 25.

FWHM_meas vs Over Voltage (FBKW342004 _ulLens)
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Figure 25: FWHM, 005 of FBKW342004 jpLens channel 101 measured with and without
the reflection-blocking foam at selected overvoltages.

The data taken without foam shows larger FWHM values and greater errors. This
increase is likely due to the contribution of reflected photons within the Faraday box.

The time distributions of the case without foam exhibits a secondary peak, as shown
in Fig. 26. This additional peak is not accounted for by the Exponentially Modified
Gaussian (EMG) fitting model and is clearly unphysical.
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Figure 26: (a) Time distribution with the foam. (b) Time distribution without the foam.
The case without the foam exhibits a secondary peak that cannot be accounted for by
the EMG model and is unphysical.

The waveforms corresponding to primary and secondary peaks from Fig. 26b are

plotted separately, as shown in Fig. 27. A clear separation between the two peaks
becomes evident.
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Figure 27: (a) Separating peaks according to their relative time distribution to reach 40%
threshold. (b) Plot of the waveforms related to the two peaks separately. The secondary
peak corresponds to a horizontal shift in time of the waveforms.

This distinct separation strongly suggests that the secondary peak arises from delayed
photons caused by reflections within the Faraday box. Such reflected photons arrive later
than the direct photons, producing the observed secondary peak in the time distribution.
This effect highlights the importance of using reflection-blocking foam to ensure accurate
timing measurements by minimising photon reflections that degrade the time resolution.
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