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Fig. 10. Estimated contribution of electronic noise to SPTR (dashed lines)
compared with measured overall SPTR (FWHM) (solid lines) and estimated
“intrinsic” cell SPTR. The inset shows the intrinsic SPTR for the three devices
and the fit on all points.
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Fig. 11. Timing jitter FWHM as a function of the excess bias (A = 423 nm),

measured on 1 X 1 mm? SiPM from production run #2, and of 1 X 1 mm? SiPM
and 50 pm square cell from production run #3. Error bars represent the standard
deviation of the estimated FWHM uncertainty.

runs, with higher DCR. As shown in Fig. 11, the lowest time res-
olution measured with SiPM #2 is around 80 £ 2.5 psat~ 7V
of excess bias whereas the single cell #3 reaches a timing jitter
of ~ 45 4+ 2 ps at 6 V of excess bias. These results are quite
similar to what was obtained with SiPM and single cell of the
new production run. Instead, the timing jitter curve of SiPM #3
saturates already at 2.5 V, at about 140 ps. The main feature of
production #3 is the higher dark count rate. This high noise has
a moderate effect on the single cell, whereas on the 1 x 1 mm?
SiPM it becomes very important and it seems to have a consid-
erable impact on timing performances.

We acquired the pulse-amplitude spectrum for the single cell
#3 and we saw a main peak, as expected, similarly to single
cell #1, but with an additional tail towards lower amplitudes,
which is caused by laser-triggered avalanches happening just
after a dark-triggered avalanche, when the detector is not fully
recharged yet. When we measured again the timing jitter on
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single cell, taking into account only events with full-amplitude
pulses, discarding the others, we obtained timing jitter value, at
6V of excess bias, of about 3742 ps (about 8 ps less). The better
time resolution obtained with single cell #3, compared to single
cell #1 (i.e. 37 ps compared to 50 ps) could be due to a slightly
different electric field profile in the production runs, which is
more evident in single cell thanks to the low timing jitter.

On the SiPM the higher dark count rate has an important ef-
fect on timing performance for two reasons: i) a higher fluctua-
tion of the baseline, due to the relatively long tail (recharge part)
of the single-cell signal, and ii) a high spread in pulse amplitude.
The former could be partially mitigated with tail-cancellation
techniques (or front-ends) [18] and the latter by discriminating
the amplitudes, but not completely. Both effects, as explained
above, worsen timing performance of SiPM #3.

B. Measurements with Pinhole

To analyze the last possible contribution to SPTR worsening,
i.e. cell-to-cell variations (which proved to play an important
role in [12]) we characterized the timing jitter of 1 x 1 mm?
SiPM #2 collimating the light with pinhole. We employed a
200 £ 5 pm diameter pinhole, positioned near the detector and
illuminating the center, and then a 10 £ 1 pzm pinhole, illumi-
nating only one cell in the central region. The dimensions and
tolerances are given by manufacturer and they are made of stain-
less steel.

The SPTR obtained with and without pinholes varies of only
few picoseconds. This small difference does not explain the
25 ps difference between 1 x 1 mm? SiPM and single cell. There-
fore, the cell-to-cell uniformity proved to be very good in this
device and performance variations among cells do not represent
an important limiting factor for time resolution. This confirms
also the results obtained in [21] on SiPMs from an old FBK pro-
duction run.

C. Measurements at A = 850 nm

We measured single-photon time-resolution of 1 x 1 mm?

SiPM #2 and single cell #3 at infrared wavelength, with the
same setup (without the second harmonics generator). In this
condition part of the photons are absorbed in the substrate and
have to diffuse towards the depleted region to be able to trigger
an avalanche (thus with delay with respect to photons absorbed
in depleted region). As shown in the inset of Fig. 12, this gives
an long tail after the main peak in the timing response, with
a time constant in the order of few nanoseconds (much bigger
than the one in Fig. 6). The amplitude of the tail, normalized
to the one of the main peak reduces increasing the excess bias.
This could likely be because the epitaxial layer is not fully de-
pleted at breakdown voltage and the depleted region gets bigger
increasing excess bias: it reduces the amount of avalanches trig-
gered by diffused-carriers with respect to carriers absorbed in-
side the depleted region.

Timing jitter FWHM at A = 850 nm is higher than with the
blue-light. For the 1 x 1 mm? SiPM it is about 500 #+ 9 ps at
low excess biases (where the tail amplitude is very high) but
it reduces to about 115 + 4 ps at 7.5 V (compared to ~ 80 ps
at 425 nm). For the single cell, timing jitter is 53 £ 2.5 ps at
7 V of excess bias. Interestingly, the Gaussian fits at the two
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Fig. 12. Timing jitter FWHM of 1 x 1 mm? SiPM #2 as a function of excess
bias, at A = 425 nm and A\ = 850 nm. Dashed lines are the FWHM values
of Gaussian fits, for both wavelengths. The inset shows two examples, at two
biases, of timing responses at A = 850 nm.

TABLE I
LOWEST MEASURED SINGLE-PHOTON TIMING JITTER (FWHM) FOR DEVICES
TESTED IN THIS WORK

Device Production 3%5 A Best SPTR
run (Hz) (nm) (FWHM) (ps)

50-um SPAD #1 <100 425 48 £2
50-um SPAD #3 >10-10° 425 43 +2

850 53425
1x1 mm? SiPM #1 ~90-10° 425 76 +2.5
1x1 mm? SiPM #2 ~600-10° 425 8142.5

850 115 +4
3x3 mm?’ SiPM #1 ~800-10° 425 178 £9

wavelengths are quite similar indicating that the tail is causing
the timing jitter deterioration.

In conclusion, the lowest timing jitters, at the two wave-
lengths for the different devices, are summarized in Table 1.
For the 50-pm square cells the time resolution is lower than
50 ps at A = 425 nm (between 44 ps and 48 ps) and it grows of
about 10 ps at A = 850 nm. 1 x 1 mm? SiPMs have a worse
single-photon time resolution, of about 80 ps at 425 nm, and at
850 nm it increases of about 35 ps, reaching about 115 ps. A
similar difference has been measured on AdvanSiD 1 x 1 mm?
SiPM in [17].

V. TIME RESOLUTION AT INCREASING LIGHT INTENSITY

We also measured the time-resolution of 1 x 1 mm? SiPM #1
when triggered by more than one photon, i.e. when two or three
avalanches are triggered at the same time in different cells. One
difference between the single-photon and the two-photon cases
is the higher signal amplitude: with two fired cells the signal
has double amplitude and the crossing time of a given threshold
voltage will happen slightly sooner. Moreover, as reported in
[20], the electronic noise contribution in SPTR reduces approx-
imately with the number of photons, whereas the intrinsic res-
olution reduces with the square root of the number of photons,
because of the photoelectron statistics [7], [21]. In the present
case (1 x 1 mm? SiPM #1), already with 2 photons the intrinsic

Time (ns)

Fig. 13. Timing response acquired discriminating the events when 1 photon,
2 ph. or 3 ph. (of the laser pulse) trigger the SiPM (#1). Dashed lines are
Gaussian fits. (The average Count rate was 0.77 counts per laser pulse).
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Fig. 14. 1-photon, 2-photons and 3-photons timing jitter of 1 x 1 mm? SiPM
#1, as a function of the excess bias.

resolution became dominant, so square root dependence is ex-
pected.

Fig. 13 shows an example of timing response curves acquired
simultaneously discriminating the case of 1, 2, or 3 photons.
Peak position moves to shorter times and the FWHM of the
curve reduces, increasing the number of photons. Moreover, the
tail after the main peak reduces. The plot in Fig. 14 summarizes
the timing jitter measured at different excess biases. The best
values, at the highest excess bias, are 76 ps, 55 ps and 47 ps (all
FWHM) for one, two and three photons, respectively. This trend
is in agreement with the photoelectron statistics, even though the
time resolution with 3-photons tends to saturate at high biases.

An interesting aspect is the anomalous second peak that
emerges in the two and three photons timing responses. It gets
bigger increasing the number of photons and its position is
delayed, closer to the main peak of the histogram obtained with
one photon less. We also see that it gets bigger when excess
bias is increased. These characteristics suggest that it could
be related to the optical crosstalk between cells of the silicon
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Fig. 15. Timing responses acquired discriminating 1 photon, 2 photons or 3
photons events, on 1 x 1 mm? SiPM #1, in case of an average detection rate of
1.8 or 0.91 counts per laser pulse.

photomultiplier. As an example, when two photons are detected
by the SiPM, they trigger two avalanches in the respective cells,
emitting secondary photons; one of these photons can trigger
an avalanche in a third cell and the resulting output current is
three times the single-cell current. Since we discriminate the
number of detected photons based on signal amplitude, this is
considered among the three-photon events, but it was generated
by two photons. Thus, it has not the arrival statistics typical of
the 3-photon events.

To confirm this hypothesis we acquired timing histrograms
at two different light intensities, keeping the same setup and
detector conditions. As shown in Fig. 15, when the average
number of photons per pulse is lower, the second peak has
higher amplitude. Indeed, with a low photon rate, the proba-
bility that a pulse with amplitude of three fired-cells is generated
by two photons and a crosstalk is higher than the case of three
detected photons. Increasing the average number of photons,
since the crosstalk probability depends only on the detector
operating condition (not the photon flux), the probability of a
three-photon event increases with respect to the probability of
a two-photon with a crosstalk, and the second peak is reduced.

We also plot the curves on logarithmic axis, as shown in
Fig. 16 at 7.4 V of excess bias. The secondary peak in the
2-photon curve is likely due to 1-photon plus 1-crosstalk
events, whereas the secondary peak in the 3-photon curve by
2-photon plus 1-crosstalk event, and the third peak by 1-photon
plus 2-crosstalk events. These three anomalous peaks appear
in the curves at all excess biases, but with different amplitudes
and widths. The widths of the Gaussians fit on the third peak of
the 3-photon curve and the second peak of the 2-photon curve
are very similar (at all biases), because they are both related
to the 1-photon event statistics. However, they are larger than
the 1-photon curve and this is probably caused by an additional
spread in the first-avalanche build-up, which happens before
the crosstalk events. For example, with 3.4 V, the Gaussian
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Fig. 16. Gauss fittings on different peaks of timing responses acquired discrim-
inating 1 photon, 2 photons or 3 photons events, on 1 x 1 mm? SiPM #1,at 7.4 V
of excess bias.

fitting on 1-photon curve has a FWHM of 94 ps, the one fitting
the second peak of 2-photon curve has a FWHM of 177 ps,
as well as the fitting on the third peak of the 3-photon curve;
with 7.4V, the fitting on 1-photon curve has a FWHM of 68 ps,
whereas the fitting on the second peak of the 2-photon curve
~ 165 ps. In both cases the deconvolution gives a value of
about 150 ps.

The left shift of the peaks position, in the histogram, of the
3-photon curve, with respect to the 2-photon and the 1-photon
curves, towards left, is probably due to the higher slope: the
crossing time of a given threshold happens at earlier times.

Considering the small time distance between the main peak
and the second or third peaks, it is more likely that the di-
rect-crosstalk is the cause, rather than delayed crosstalk, which
can have delays also in the nanosecond range. However, the
estimated amount of events generating the second peak seems
higher than the measured direct-crosstalk probability, thus
further investigation and analysis are required to understand if
these peaks are due to direct crosstalk and/or to the very initial
part of fast delayed crosstalk events.

Anyhow, this is an important limitation when we want
to characterize the time resolution in response to a moder-
ately-high number of photons (e.g. Cherenkov radiators), since
crosstalk becomes more and more important and distorts the
acquired timing response. This behavior could also be related
to what is called “delayed events” in [17].

Finally, we tested the timing jitter of 1 x 1 mm? SiPM #2 with
an increasing number of detected photons. As shown in Fig. 17,
keeping the excess bias relatively low (1.4 V of excess bias),
thus limiting the crosstalk probability (direct crosstalk proba-
bility is ~ 6%), we characterized the timing jitter FWHM up
to 25 photons by measuring the 3 point at a time. The plot fol-
lows a decreasing trend with the square root of photon number
(note that points at 15, 20 and 25 photons were acquired with a
little higher light intensity). Instead, increasing the bias to just
2.4 V (direct crosstalk probability is ~ 12%), the SPTR lowers
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Fig. 17. Timing jitter, measured with 1 x 1 mm? SiPM #2, as a function of the
number of detected photons, for two excess biases.

ofabout 15 ps, but the curves significantly deviate from the trend
with 10 photons, reaching a value 45 ps.

VI. CONCLUSIONS

We characterized the performance of new low-noise RGB sil-
icon photomultipliers produced at FBK, with n-on-p implant
technology, focusing on the single-photon time resolution, ana-
lyzing what are its main limiting factors. They show a peak de-
tection efficiency, in the green wavelength region, of about 33%,
with 6.5 V of excess bias (including the fill factor of ~ 45%)
and a very low noise, among the lowest reported: DCR is about
1-10° cps/mm? at 6 V of excess bias (at 20°C).

We characterized the single-photon time resolution (SPTR) of
1 x 1 mm? and 3 x 3 mm? SiPMs (same cell size): timing jitter
is lower than 80 ps FWHM, at A = 425 nm, for the 1 x 1 mm?
SiPMs with excess biases higher than 7 V, and it increases of
about 35 ps when illuminated at A = 850 nm, due to a slow tail
in the timing histogram. For the 3 x 3 mm? SiPM we measured
180 ps at 6.5 V of excess bias (A = 425 nm). These are among
the best SPTR values reported in literature for SiPMs.

To understand the contributions to time resolution we charac-
terized SPTR of SiPMs with light collimated by pinholes, and
also the SPTR of a SPAD identical to single cells composing
the SiPMs, which have a time jitter lower than 50 ps FWHM.
By analyzing the average signal shape, we observed that SPTR
in SiPMs is dominated by electronic noise contribution and the
degradation of SPTR, increasing the device dimension, is prin-
cipally due to the slower rising edge of the signal (because of the
higher capacitance). We extrapolated the “intrinsic” time reso-
lution of the single-cell which is the same for the three devices.

Effect of dark count is almost negligible in this low-noise
SiPMs, thus, a better front-end electronics or a more prompt
single-cell signal is necessary to improve SPTR.

Finally, we also characterized the time resolution of SiPMs
at increasing light intensity. We found that the optical cross-talk
between cells have an important effect and it can limit the min-
imum achievable time resolution given by the SPTR divided by

the square root of the number of photons. It must be considered
and reduced to improve timing performances.
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